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ABSTRACT 


Optical  techniques  were  studied  for  application  in  a  terrain 
sensor  which  measures  the  profile  and  consistency  of  the  terrain 
ahead  of  a  cross-country  military  vehicle  and  provides  information 
for  the  actuation  of  an  active  vehicle  suspension  system.  Automatic 
optical  ranging  techniques  were  found  to  be  —  AmurHy  suitable  for 
terrain  profile  sensing.  Optical  methods  of  spatial  and  spectral 
analysis  of  an  image  of  the  terrain  were  shown  to  have  considerable 
promise  for  consistency  determination.  Preliminary  designs  for 
equipment  for  terrain  profile  and  consistency  sensing  are  used  as 
a  basis  for  performance  evaluation. 
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OBJECT 


*  • 


The  object  of  Contract  No«  DA~-04~49S-»0M>~3569  is  the  conduct  of  a 
feasibility  study  of  tbs  techniques  and  processes  required  to  provide  a 
system  for  gathering  and  presenting  terrain  intelligence  data,  in  accordance 
with  tho  requirei&nts  specified  in,  Research  and  Engineering  Purchase 


Description  No* ,  62^32.;;;r-v 


<V'H 


The  ultimate  objective  of  this  program  is  to' allow  Ordnance  military 

•  •  •  -'$■ . '  '<«'•"•••  A  .  I’.vV,..'  *,i:! Vi-~-  .;'V,  :  •, 

■  ■*  .*  -  At  ..  *  V*.  :  '  w  * ,  --  ■  1  t”-  •-!  ■;  ■ .  ■  ■ '.  1 

vehicles  to  maintain  greatly  increased  speeds  over  cross- -country -terrain/,' 

This 'objective  can  be.  accomplished  through"  the ; use  of  an  active  suspension". ..  V 
system!  Such  a  suspension  system, requires  four.. separate  components a  4 
terrain  sensor,  a-  sensor  suspension  computer, ;a  suspension  controller j and 


an 'active  suspension  system,  The  present  study  is  devoted  to  the  -terrain  .•  . 

sensc-r  • component r  ’I..'/  -.’.L-  ’i'i' 


"V  it 

"  *•  •  •S’-v"  '1  i 


■is  .required  that:"'  /•  ...  '  "  . 

•The  sensor  01  sensors  shall  -operate  without  any  mechanical  part 


iM-'A 


( 


•  * ’i . 

I  . 


final  ..technical  report  shall 'include  the  .following  information 
on  -  c.-{cv/ t.ecirdrjuC;:  '  ’ '  ■ 

-’cir.  ’Limitations  cn  sensing'* distance -from  the  vehicle,, 

'  '  Is  mic  tion's  imposed  o:i  sensors  by  climatic  conditions* 

c-  Timitaticns  of  cinaors  on  obtaining  accurate  information  on 
obstacle  sis?-  -and  shape. 

d  T imitation  of  sensors  on  obtaining  accurate  information  on 


1 


consistency  of  obstacle  or  terrain, 


( 


The  specific  object  of  the  study  conducted  by  Qnerson  Electric  is 
the  preliminary  design  of  a  sensor  embodying  optical  ranging;  together 
with  a  .  detailed ' analysis  of  its.  effectiveness  in  detendning  terrain 

;  ;r:-~  *•  .  ..  •  ^  TV  v . ■.  <  »•* 

:•  contbiir;.  and  consistency,  under  various  climatic,  tactical,  and  terrain  ; . ; 

'  -wi'  i.  ■  -■ 1  '  •  ..  v*'!  . 

conditions 0  -•  ;  ;  1-.  ■  ■  •*  i;-  v.  j  .*  .*•.*■ 


( 
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SUMMARY 


The  study  of  optical  ranging  techniques  for  the  determination  of 
terrain  profile  and  of  optical  techniques  far  determining  terrain 
consistency  requires  first  the  analysis  of  the  tactical,  climatic,  and 


environmental1 requirements  on’ the  terrain  sensor,  and  the  specification  of 
the  desired i  perfomance  characteristics .  The  most  important  of  these 

requirement8^are:...;;;::V/:''';-;i’ 

1. %  ’N^.  restrictions  exist  on  the  use  of  active  optical  systems. 

2.  The  aperture  in  the  vehicle  must .  be .  less  than  6  inches  in 

.  •  -  •• ..  •;  .....  •  •  ..  •  y..v«!  >•  •••  • 

.  •  r  V.  •••  '  -  .i*  ft  .  .  .. 

•diar»ter:o oi  ;i;y:vv 
The  sensor  is  mounted  5  feet  above  tie  terrain. 

A  vertical  axis  in  tile  vehicle  is  held  to  within  5°  of  vertical 
in  pitch. and  15°  in  cant  by  the  active  suspension  system . 

So  The  measured  terrain  profile  should  be  within  two  inches  of  the 
*.  true  profile.*  -  ;.;":v  >;  . 

■  Maximum  vehicle  speed  is  50  mph. 

7,:.  •  ThcJpos.t-scn3or;.,sy3tQn  has.  a  reaction  time  of  1/2  second,, 

Ho  /rise  effect  of  turns  is  not  considered  during  this  study,. 


.3} 

A. 


.  .  •  0:i  t.iic  basin  ;of  these  .restrictions*,  the  following’  requirements  were 
A  on  the  terrain- sensor: 

.  t  Obstacles  in  the  two  tracks  of  the  vehicle  must  bo  measured 


individually*  so  two  servers  are  required, 

-i'2  b-'ii.ccntsl  distance  from  the  censors  to  the  points  at  which 
t.'i  .ir  Li. ic-of- ’Sight  intersects  lr  'si  terrain  is  44  feet. 


3 


3, 


The  vertical  field  of  view  of  the  sensor  should  bo  about  5 


L 

Bdlliradians ;  the  horisontal  field  of  view  should  be  about  20 
ndlliradians 

4.  The  electrical  bandwidth  of  the  system  should  be  16  cps;  a  trade¬ 
off  can  be  made  between  bandwidth  and  the  vertical  field  of  view 
of  the  sensor,, 

50  Range  to  the  terrain  should  be  measured  to  an  accuracy  of  +  2 
inches » 

Various  optical  ranging  techniques  were  evaluated  for  this  application,. 
These  included  ranging  by  image  plene  location  (passive),  phase  comparison 
(active),  triangulation  tracking  (active),  triangulation  using  image 
correlation  (passive),  and  pulsed  lasers  (active).  It  was  found  that  the 
first  two  had  adequate  range  accuracy  for  this  application,  Ranging  by 
irrapje  plane  location  'was  selected  as  most  suitable  for  the  following  reasons 

i„  This  method  has  a  greater  inherent  accuracy  and  thus  is  less 

affected  by  adverse  conditions  than  other  techniques  investigated. 

2.,  The  system  is  passive  under  normal  daylight  operation,  leading 
to  simplicity  and  security, 

",  Only  one  station  is  required  for  each  track  (two  per  vehicle)  as 
required  by  active  systenuj  and  those  based  on  triangulation, 

Tids  Iscds  to  simplicity  of  installation  and  alignment, 

\<  fur  night  operation  a  source  of  light  on  the  vehicle  is  required 
: r  my  of  the  systems.  The  system  permits  a  considerable 
r'colo.'  of  choice,  since  the  source  may  be  either  a  very  narrow 


( 


4 


beam  boresighted  with  the  sensor,  which  leads  to  good  security 
or  may  cover  a  broad  area  as  do  conventional  headlamps.,  ■ 

This  ranging  method  is  based  ou  well-known  optical  principles. 


» 


and  does  not  require  the** development  of  a '‘technique.*  ' 
.Certain  of  the  parameters  have  already  been  investigated 


experimentally  to  verify  calculations. 

70  The  equipment  configuration  is  relatively  simple  *•  apparently  as 
simple  as  the  equipment  for  any  other  method.  This  leads  to  low 


cost. and  high  reliability. 


The  stabilization  and  computation  necessary  for  terrain  sensing  were 
studied  within  the  framework  established  by  the  previous  requirements. 

It  was  determined  that  the  following  stabilization  errors  were  allowable: 
I.,  The  r.ra.s,  error  in  knowledge  of  the  elevation  of  the  terrain 
sensor  above  the  terrain  is  1.0  inch. 

2.  The  r.ra.s.  error  in  knowledge  of  the  elevation  of  the  terrain 
with  respect  to  a  vertical  reference  level  is  1.0  inch.  (This 
and  the  previous  error  ray, be  combined  to  imply  that  the 
elevation  of  the  terrain  sensor  above  the  vertical  reference 
level  must  be  known  with  an  r  .nils'.  error  of  1.4  inches.) 

3  The  r.a.s.  error,  in' the.  terrain  sensor  depression  angle  mu3t  be 
less  chan  0  11  degree ‘  p-:  ..  v 

A  ,  Under  worst  conditions,  2  degrees  of  cant  is  allowable;  with, 
proper  vehicular  mounting,  considerably  greater  errors  can  be 


tolerated. 
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.  The  computation  process  was  studied  by  writing  the  equations  which 
Kust.be  solved  in  order  to  determine  the  terrain  profile  a  fixed  distance 
ahead  of  the  Vehicle  from  the  raa^*-to^terrain  B»as\irements  made  by  the 

'•  V  ;•;/  /•  V -  V' M  '■  '■J%  ■*'/,  *-'■  ■■  ■ 

sensor.  Two  techniques  were  considered In  the.  first  the  terrain  sensor  ' 
looks  out  with  a  fixed  depression  angle  and  measures  range-to-terraino 
This  technique  requires  a  buffer  storage  element^  because  measurements  are 
made  at  varying  distances  ahead  of  the  vehicle.  The  second  technique  , 
consists  of  adjusting  the  depression  angle  so  that  range  is  always 
measured  to  a  point  a  fixed  horizontal  distance  ahead  of  the  vehicle. 

This  process  does  not  require  a  buffer  storage,  and  while  it  does  require 
adjusting  the  depression  angle,  such  an  adjustment  is  required  for  pitch 
stabilization  in  any  case.  Hence  the  latter  method  was  chosen  as  most 
appropriate. 


The  analysis  of  the  computation  process  showed  that  deriving  an 
accurate  terrain  profile  required  an  independent  measure  of  the  actual 
vertical  motion  of  the  sensor.  This  may  be  provided  with  the  required 
degree  of  accuracy  by  an  accelerometer  incorporated  as  an  integral  •part 
of  the  sensor.  . 


In  order  to  determine  consistency  by  reflected  optical  radiation 
it  is  ncce-.sary  to  classify  objects  which  may  be  encountered  according 
to  t’.ci  r  consistency,  and  theu  attempt  to  discover  properties  of  tho 
reflected  optical  energy  which  correlate  with  the  assigned  consistencies, 
-is  nr.-  ecss  was  first  studied  qualitatively  by  listing  a  number  of 
cl-cttclcs  and  considering  how  they  differed  optically;  it  was  decided 
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•  that  miry  different  obstacles  could  be  distinguished  on  the  basis  of 
color  and  texture.  Adequate  data  was  discovered  to  demonstrate 
/convincingly. that  measurable  spectral  differences  exist  between 
different1 types  of  terrain.  No  quantitative  information  on  texture 
differences  .was  discovered;  however,  everyday  experience  leads  to  the 
conclusion  that  equally  pronounced  texture  differences  exist.  Therefore 
it  appears  that  a  combination  of  spectral  and  texture  analysis  can  be 
used  as  a  basis  for  the  design  of  a  useful  consistency  sensor. 

Using  the  above  choices  of  ranging  and  computation  methods,  a 
preliminary  sensor  design  was  produced.  The  essential  parts  of  the  contour 
scnaoro.ro: 

1,  A  flat  elliptical  mirror,  about  3-1/2  inches  by  4  inches,  which 
directs  energy  onto  a  folding  mirror  and  then  onto  the  primary 
mirror,  and  which  can  be  rocVcd  to  adjust  the  depression  angle, 

2,  A  3 -inch-diameter  parabolic  primary  mirror. 

3-  A  chopper  which  interrupts  the  incident  radiation  in  such  a  way 
as.  to  provide  an  unambiguous  .indication  of  the  location  of  the 
•  image  plane.,  ;  . 

4,:'  :A  .photomultiplier  which  generates  an  electrical  signal  as  a 
•  function  of  the  incident  radiation, 

'-.3,  Electronics  to  derive  error  signals  from  the  photomultiplier 

output , 

•?.  VeeV.t.nical  components  to  rapidly  adjust  the  flat  elliptical 
vivror  to  reduce  the  error  signals  to  zero, 

ictr.1  cr-l  readout  covpcaentc,  which  convert  the  resulting 
position  of  the  flat  elliptical  mirror  to  terrain 
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elevation  &  fixed  distance  ahead  of  the  vehicle. 

8.  Setters  of  vertical  acceleration  and  pitch  which  allow  the 

optical  system  and  the  output  to  be  adjusted  for  these  effects 0 

The  terrain  sensor  also  contains  a  consistency  sensor  which  uses 
spatial  and  spectral  analysis  to  automatically  determine  the  nature  of 
obstacles;  this  is  described  in  less  detail. 

The  requirements  on  the  various  optical  elements  are  specified;  all 
of  the  elements  are  within  tho  current  state-of-the-art. 

It  is  observed  that  in  the  design  of  an  automatic  ranging  system 
based  on  image  plane  location,  field  chopping,  which  results  in  a 
spurious  signal  independent  of  the  location  of  the  image  plane,  must  be 
hold  to  a  minimum.  Also,  the  modulating  frequencies  must  be  chosen 
outside  the  range  of  frequencies  generated  by  motion  of  the  terrain 
through  the  field  of  view  of  the  instrument. 

Atmospheric  conditions  limit  the  operation  of  the  terrain  sensor. 
Atmospheric  turbulence  and  its  effects  in  producing  scintillation,  .imago 
rc~:\>er,  and  image  Mur  are  considered.  Because  of  the  short  ranges 
involved  and  the  moderate  resolution  requirements  on  the  optical  system, 
r :■<  ol'-r.J.ficaut  degradation  in  performance  is  anticipated  as  a  result  of 
ntoncpheric  turbulence.  Atmospheric  climatic  conditions,  fog,  base,  dust, 
v  i;:.  ir.d  snow  reduce  atmospheric  transmission  and  thus  degrade  the 


performance  of  optical  instruments.  Calculations  mode  of  the  effects  of 
these  conditions  on  the  terrain  sensor  indicate  that  adequate  terrain 
contour  measurements  can  be  made  when  the  visual  range  is  only  about  50 
feet,  Thus  the  terrain  sensor  will  be  effective  under  most  climatic 
conditions. 

The  possibility  of  extending  the  range  of  the  terrain  sensor  is 
considered.  If  the  same  actual  field  of  view  is  maintained,  the  terrain 
sensor  has  a  2-inch  range  accuracy  at  220  feet.  However,  using  terrain 
information  obtained  at  long  ranges  may  require  very  accurate  velocity 
information,  increases  the  effect  of  vehicle  maneuvers,  and  accentuates 
the  shadow  problem  (tho  effect  of  high  terrain  points  concealing  lower 
parts  of  the  terrain  behind  them). 

Finally,  independently  conducted  laboratory  experiments  on  range- 
finding  by  imago  plane  location  arc  discussed.  These  experiments  verify 
t !••::•  a igrr.1- to-no  is  y»tio  calculations  made  in  analyzing  the  ranging 
technique,  and . demonstrate  the  rate  at  which  the  detector  output  falls 
'off  as  the  chopper  moves  out  of  the  plane  of  best  focus.  They  also 
illustrate* the  effect  of  field  chopping  mentioned  above. 
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CONCLUSIONS  AND  RECOMMENDATIONS 

MAJOR  OONP.T IK TOMS  ; 

10  An  effective  contour  sensor  making  use  of  automatic  optical  range¬ 
finding  and  meeting  tactical  and  environmental  requirements  Is 
feasible. 

■  ■  •  '  v  ! 

2.  Optical  techniques  for  consistency  determination,  based  on  spatial 
and  spectral  amlysio  of  an  optical  image  of  the  terrain,  are 
extremely  promising  „ 

3.  Contour  sensing,  consistency  sensing,  and  the  required  data  handling 
circuitry  can  bo  combined  in  a  single,  relatively  small  equipment. 

RECOMMENDATIONS 

'it  is  recommended  that  a  measurements  program  be  conducted  to  acquire 
data  wliich  will  lead  to  the  most  effective  optical  technique  for 
consistency  determination,, 
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INTRODUCTION 

This  io  the  final  technical  report  under  Contract  No,  l)A-04-49S~0RD~3569 
for  a  Feasibility  S  tudy  of  Terrain  .Sensoi'e  and  Terrain  Sensing, 

The  contract  calls  for  a  six-month  feasibility  study  of  the  techniques 
and  pi'oeesses  required  to  provide  a  system  for  gathering  and  presenting 
terrain  intelligence  data  in  accordance  with  the  roquircinentB  specified  in 
Research  and  Engineering  Purchase  Description  No,  62-32,  Work  under  the 
contract  began  in  July,  and  was  completed  in  Docembor  of  1962,  tho  work 
was  performed  by  perroruiel  of  Emerson  Electric’s  Spectral  Technology  and 
Applied . Research  (STAR)  Division,  at  Santa  narbnra,  California.,  binder  tho 
direction  of  Mr,  K,  L,  Michaolson  of  tho  Army  Tank  Automotive  Ccumnd,  who 
contributed  niuch  information  and  many  helpful  suggestions.. 

Tho  ultimata  objective  of  this  program  is  to  allow  military  vehicles 
to  maintain  greatly  increased  speeds  over  rough  terrain,  Thio  objective 
ciyn  bo  accompli  shod  through  tho  u  so  of  an  active  sue  pension  nyi-tem,  Such  a 
suspension  system  requires  four  separata  components ;  a  terrain  sensor,  c. 
terrain  suspension  computer,  a  suspension  corjtrolJoi',  and  an  active 
suspension  system,  The  -present  study  is  devoted  to  the  terrain  sensor 

component , 


:  approach  to  the  terrain  sensing  problem  involves  tho  use  of  an 
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of  this  range,  the  depression  angle,  and  the  distance  of  the  sensor  above 
the  terrain  at  the  time  of  measurement  allova  a  continuous  profile  of  the 
ground  ahead  of  the  vehicle  to  be  produced  as  the  vehicle  moves,,  Additional 
information  about  the  consistency  of  the  terrain  and  obstacles  is  obtained 
by  spatial  and  spectral  analysis  of  the  radiation  received  from  the  terrain. 

The  results  of  the  study  show  that  terrain  profile  data  to  the 
required  degree  of  accuracy  can  be  obtained  by  optical  ranging.  The  study 
also  shows  that  optical  methods  hold  excellent  promise  of  providing 
information  on  the  consistency  of  the  terrain  and  obstacles  to  be  traversed; 
however,  the  detailed  field  data  necessary  to  provide  definitive  results  is 
not  currently  available. 

The  following  section  of  this  report  presents  an  analysis  of  the 
tactical,  climatic,  and  environmental  requirements  on  the  terrain  sensor, 
and  sets  forth  the  performance  characteristics  desired  from  the  sensor  in 
terms  of  the  terrain  information  that  is  needed,  including  resolution, 
range  accuracy,  information  rate,  and  security.  This  information  provides 
the  essential  framework  for  the  study. 

.'.'ey.;;,  consideration  is  given  to  the  various  types  of  optical  range- 
finding  methods  that  ndght  bo  useful  in  the  terrain  sensor  system,  and  to 
survbar  of  computational  procedures  that  could  be  used  to  derive  terrain 
profile  information..  Optical  methods  for  terrain  consistency  determination 

••-ra  then  -youii-ed ... 
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From  the  various  possible  approaches,  a  terrain-sensor  system  is  then 
selected  based  on  passive  ranging  (image-plane  location)  and  a  computation 
process  that  requires  varying  the  depression  angle  in  such  a  way  that  the 
horizontal  distance  to  the  point  measured  is  always  constant.  This 
combination  is  reconnended  as  providing  the  simplest  and  most  reliable 
approach  to  a  practical  terrain-sensor  system.  A  preliminary  design  for 
a  system  incorporating  the  features  recommended  is  then  presented. 

The  final  section  of  the  report  provides  a  performance  analysis  of 
the  system  adopted  in  the  preliminary  design,  including  the  limitations  on 
sensing  distance  from  the  vehicle,  on  obtaining  accurate  information  on 
obstacle  size  and  shape,  on  obtaining  accurate  information  on  the 
consistency  of  obstacles  or  terrain,  and  on  operation  under  various  climatic 
conditions..  The  directions  in  which  performance  can  be  extended  are 
indicated.  A  brief  discussion  of  human  factors  is  also  included. 

The  appendixes  include  a  number  of  detailed  technical  discussions 
which  it  was  felt  would  interfere  with  the  continuity  of  the  narrative  if 
presented  in  the  body  of  the  report.  Also  included  as  an  appendix  is  a 
report  on  the  results  of  a  laboratory  3tudy  of  certain  aspects  of  passive 
ranging  conducted  by  Emerson  Electric  under  its  company -sponsored  research 
program.  This  laboratory  data  i3  .included  here  because  it  provides  strong 
confirrntory  evidence  that  the  ranging  method  adopted  in  the  preliminary 
do3i-;«  ca:*.  attain  the  predicted  level  of  performance. 
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It  is  required  by  the  contract  that  this  final  report  shall  include 
the  following  information  on  each  technique  investigated: 
a.  Limitations  on  sensing  distance  from  the  vehicle, 
bo  Limitations  imposed  on  sensors  by  climatic  conditions . 

Co  limitations  of  sensors  on  obtaining  accurate  information  on 
obstacle  size  and  shape. 

d.  Limitations  of  sensors  on  obtaining  accurate  information  on 
consistency  of  obstacles  or  terrain. 

This  information  cannot  be  adequately  summarized  here,  but  will  be 
found  in  the  following  sections  of  this  report  entitled: 
a„  Limits  on  Sensor  Operation  •  Range  Limitations, 

be  Limits  on  Sensor  Operation  Effect  of  Climatic  Conditions, 

c.  Sensor  Requirements, 
dr  Consistency  Measurements. 
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SENSOR  REQUIREMENTS 


OENERAL  REQUIREMENTS 

In  order  to  provide  a  framework  for  the  study,  it  is  necessary 
to  analyse  the  tactical,  climatic,  and  environmental  requirements 
on  the  terrain  sensor  and  to  specify  the  desired  performance 
characteristics  in  terms  of  the  terrain  information  which  is  needed, 
including  resolution,  range  accuracy,  information  rate,  and  security. 

As  a  first  step  in  accomplishing  this,  a  list  of  questions  was 
drawn  up;  the  answers  to  these  questions  establish  reasonable 
requirements  for  a  terrain  sensor  system  meeting  the  aims  expressed 
in  the  REPD. 

The  questions  fall  into  four  categories:  1)  those  on  shock, 
vibration,  he at,  and  other  environmental  requirements;  2)  those 
concerned  with  climate  and  use  times;  3)  questions  of  vehicle 
security;  end  4)  a  number  of  questions  concerning  the  use  of  the 
device  which  may  be  grouped  under  the  heading  of  geometry. 

Since  at  this  stage  we  are  not  concerned  with  actual  design  of 
equipment,  the  only  specific  question  cm  environment  which  is 
important  at  present  is  the  Bmouat  of  vibrational  displacement  of 
the  sensor  from  <\  smooth  path  in  space,  since  this  displacement  may 

interfere  with  the  required  measurement. 


With  respect  to  climatic  requirements  it  is  desired  to  know  the  range 


of  ambient  light  level*  within  which  the  equipment  is  to  operate,  and 
the  effects  of  climatic  conditions  on  atmospheric  transmission  and  on  the 
optical  characteristics  of  various  terrain  features* 

The  two  questions  oo  security  are  1)  how  large  an  aperture  in  the 
vehicle  can  be  allowed,  and  2)  it  there  any  restriction  on  the  use  of  an 
active  systea  operating  in  a)  the  visihlc  region,  and  b)  the  infrared 
region? 

A  number  of  question!  related  to  geometry  may  be  asked*  These  are: 

1*  Vhat  is  the  vehicle  type  -  track  laying  or  non-track  laying? 

2a  What  is  the  elevation  above  the  terrain  of  the  sensor  location? 

3o  How  such  pitch  and  cant  of  the  vehicle  hull  may  be  expected? 
(This  is  related  to  the  question  on  vibration  given  earlier, ) 

4„  How  much  short-term  vertical  motion  of  the  sensor  with  respect 
to  a  fixed  reference  level  may  be  expected?  (This  and  the  above 
question  relate  to  the  expected  effectiveness  of  the  aetivo 
suspension  system,) 

5c  How  accurately  in  the  elevation  of  the  sensor  above  the  terrain 
known?  (It  is  expected  that  this  knowledge  is  required  for 
terrain  coraputa  ti  on, ) 

6C  Fov  large  an  obstacle  is  important? 

7o  Fov  accurately  must  the  profile  bo  determined? 

8..  Is  it  desirable  to  measure  the  obstacles  in  the  two  tracks  of 
tbs  vehicle  individually?  (Those  last  three  questions  sure 
fundamental  to  determining  the  resolution  of  the  system*) 
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9.  Vhat  is  the  speed  of  the  vehicle? 

10,  What  reaction  time  is  required? 

11,  Vhat  maneuvers  nay  be  expected,  can  they  be  anticipated,  and 
how  important  is  .maintaining  information  during  maneuvers? 

12,  Is  the  sensor  to  be  used  for  choosing  a  route?  (The  answers 
to  the  last  three  questions  affect  the  areas  of  the  terrain 
to  be  covered.) 

It  should  be  noted  that  the  set  of  answers  to  these  questions 
constitutes  a  set  of  design  requirements.  However,  the  answers  are  to 
a  considerable  extent  arbitrary.  Thus,  these  requirements  must  be 
understood  as  doing  no  more  than  describing  performance  believed  at 
present  to  be  satisfactory.  Further  tactical  consideration  may  suggest 
changes  in  the  requirements;  also,  design  analysis  may  show  that  they 
cannot  be  met,  but  that  different  performance  characteristics  will 
provide  satisfactory  equipment. 

The  followin';  answers  have  teen  adopted  for  these  questions,  and 
wore  reviewed  in  a  between  f  r.  H.  W,  Courtney  of  Emerson 

Electric  "lid  i!r.  N.  Hicineison  of  OTAC  in  July,  1362,  The  answers  have 
tee::  used  as  a  set  of  ground  rules  for  the  conduct  of  the  study. 

It  will  be  assened  that  the  vibration  environment  experienced  by  the 
lull  is  represented  by  the  following  informal  data  obtained  from  OTAC: 
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Vertical 

Longitudinal 

Transverse 

Type  of  Ooeration 

Vibration 

Vibration 

Vibration 

JL  £fi a 

_S_  ££B 

-X  SBi 

High  Speed, 

Hard  Road 

4  500 

3.8  500 

2.3  520 

Medium  Speed, 

Off  Road 

2.3  540 

2  520 

0.6  430 

Although  these  values  are  representative  of  vibration  encountered 
in  vehicles  with  conventional  suspension,  it  appears  that  4  g  at  500  cps 
must  be  expected  even  in  a  vehicle  employing  an  active  system.  This  peak 
acceleration  results  from  a  peak  displacement.  A,  of 

A  *  l2a2§  g  a  1.56  X  10~4  inch, 
fZ 

where  f  is  the  frequency  and  g  the  acceleration  in  g’3. 

With  respect  to  climatic  conditions,  it  has  been  assumed  that  the 
system  is  to  be  independent  of  ambient  light  levels,  but  that  with  low 
ambient  illumination  the  terrain  ahead  of  the  vehicle  may  be  illuminated 
by  visual  headlamps,.  As  a  program  objective,  the  sensor  is  to  operate 
under  all  climatic  conditions 0 

With  respect  to  security,  it  has  been  assumed  that  no  restrictions 
c;iist  on  the  use  of  active  systems  using  beams  of  visible  or  infrared 
lights,  (This  is  reasonable  because  of  the  rather  narrow  beamwidths 
involved.)  it  has  also  been  assumed  that  not  more  than  a  b-inch  aperture 

in  the  vehicle  is  permitted* 
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The  following  answers  to  the  questions  on  geometry  have  been 
adopted  for  the  study: 

1.  Vehicle  type  -  not  considered  important  at  present  stage* 

2.  Elevation  of  sensor  •  assumed  to  be  5  feet  above  level  terrain. 

3.  Pitch  and  caut  -  it  has  been  supposed  that  a  vertical  axis  in  the 
vehicle  will  be  held  to  within  5°  of  vertical  in  pitch  and  15°  in 
cant  by  the  active  suspension  system. 

4.  Short- tern  vertical  motion  has  been  assumed  to  be  negligible. 

5c  The  elevation  of  the  sensor  above  the  terrain  is  assumed  to  be 

known  to  within  1  inch. 

6.  Site  of  obstacles  -  in  order  to  have  a  model  for  design  and 
comparison  par poses t  it  has  been  assumed  initially  that  the 
vehicle  traverses  a  smooth  level  surface.  Randomly  positioned 
on  this  surface  are  fixed  obstacles  of  irregular  shapes  having 
ndnistun  dimensions  of  2  inches  or  greater.  These  can  be 
approximately  spherical;  cubical,  or  long  cylinders.  In 
addition,  it  has  been  supposed  that  the  surface  contains  long 
holes  or  depressions  which  may  be  as  large  as  10  feet  across 
and  3  feet  deep. 

7.  It  has  been  assumed  that  knowledge  of  the  profile  to  within  2 
inches  is  desirable.  This  in  effect  leaves  2-inch  bumps  to  be 
hondlcd  by  the  passive  suspension  system. 

8.  It  appeal's  on  the  basis  of  this  model  and  the  last  requirement 
above,  that  obstacle:!  in  the  two  tracks  must  be  measured 


individivit.lv. 


9.  The  maxima  speed  of  the  Vehicle  la  taken  as  30  u*ph. 

10,  A  l/2-second  reaction  time  is  assumed  to  be  an  attainable 
goal  for  the  post-sensor  system,  with  1-second  unquestionably 
attainable „ 

11,  The  sensor  is  not  initially  to  be  used  for  choosing  a  route, 

12,  For  the  purposes  of  the  study,  it  has  been  assumed  that 
the  vehicle  travels  a  straight  path*  This  guideline  was 
adopted  to  remove  the  complexities  of  considering  the  effects 
of  turns  until  such  a  time  as  it  could  be  established  that 
the  basic  approach  would  be  successful. 
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GEOMETRICAL  MODEL 

Based  on  the  requirements  outlined  above,  a  model  of  the  sensor- 
terrain  geometry  has  been  established  to  fora  a  framework  for  the  study. 

In  thic  model,  a  pair  of  sensors  is  assumed,  each  mounted  at  a  position 
5  feet  above  the  ground  directly  over  the  contact  points  of  the  leading 
wheels*  The  sensors  look  forward  along  the  paths  of  their  respective 
wheels  at  a  fixed  depression  angle  oc  ,  and  with  horizontal  and  vertical 
beamwidths  of  and  9  respectively.  The  horizontal  distance  from  the 
sensors  to  the  points  at  which  their  beam  axes  intersect  level  terrain  is 
44  feet,  permitting  1  second  reaction  time  for  the  active  suspension 
system  at  30  mph,  and  0.6  second  at  the  maximum  velocity  of  50  mph„ 

Figure  1  shows  the  geometry  of  this  model  for  a  single  sensor* 

The  values  selected  above  represent,  an  initial  trade-off  among  1) 
the  requirement  to  maintain  a  reasonable  reaction  time  {which  favors 
greater  horizontal  distances),  2)  maintenance  of  good  signal- -to  noise 
ratios  (which  favors  minimum  slant  range),  3)  maintenance  of  large  values 
of  depression  angle  to  minimize  the  shadow  problem  (which  favors  large 
elevations  and  short  horizontal  distances),  4)  reduction  of  the  probability 
that  the  vehicle  will  turn  and  so  depart  from  the  actual  wheel  tracks 
(which  favors  short  horizontal  distances),  end  5)  reduction  of  the  accuracy 
with  which  vehicle  velocity  must  be  known  iu  order  to  make  correct  use  of 
terrain  information  (which  favors  short  horizontal  distances.)  Use  major 
factor  preventing  adoption  of  an  even  shorter  horizontal  viewing  distance 
in  this  model  is  the  restriction  on  wheel-reaction  time  by  the  active 
suspension  ays tom.  Figure  2  shows  the  resulting  reaction- time  vs. 


vehiclc-3pccd  curve  for  this  model 
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PEKFOHMAKCE  REQUIREMENTS 

The  terrain  and  sensor-geometry  models  described  above  place 
performance  requirements  on  the  sensor.  The  questions  considered  here 
are  the  required  vertical  field  of  view  of  the  instrument,  the  system 
bandwidth,  and  the  range  accuracy* 

la  order  to  determine  these,  an  obstacle  on  level  terrain  will  be 
considered;  this  will  be  taken  as  a  step  up  of  height  h  to  a  second  level 
surface.  If  h  is  taken  as  1  foot,  this  step  corresponds  to  the  leading 
edge  of  a  typical  1-foot  obstacle.  Figure  3  represents  such  a  step 
occuring  sit  x  to  0,  with  the  *ero  height  reference  (y  ■»  0)  at  the  lower 
of  the  two  levels. 

In  considering  that  the  system  requirements  are  determined  by  the 
res pones  to  this  obstacle,  several  factors  are  neglected.  /Wong  these 
arc  the  effect  of  stops  down,  and  the  effect  of  a  narrow  obstacle  (one 
extending  across  only  part  of  the  horizontal  field  of  view  of  the  sensor). 
The  vertical  step  up,  however,  is  considered  to  represent  the  most  serious 
of  the  possible  obstacles,  and  thus  to  bo  of  primary  importance  in  the 
■sensor  design. 

Tiie  vertical  field  of  view  and  the  system  bandwidth  limitation  are 
both  averaging  processes  having  similar  effects  on  the  measured  ranges, 
and  therefore  on  the  computed  terrain  profile.  Thus,  the  first  step  is 
to  ex-inine  the  effect  of  such  averaging  processes. 
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In  figure  3,  suppose  that  the  range  to  the  terrain,  R(x)  i«  measured 
along  a  line  of  sight  Making  an  angle  <<  with  respect  to  the  horizontal. 

Let  x  be  the  horlsoatal  distance  from  the  vertical  step  to  the  point  at 
which  this  line  of  sight  would  intersect  the  lower  level.  It  is  oonvenient 
to  suppose  that  p(x),  os  shown  in  the  figure,  is  actually  determined  by 
this  measurement.  Than,  for  x»0, 

p(x)  -  R0  -  R(x), 

where  S\Q  is  the  (fixed)  range  from  the  sensor  to  the  extension  of  the 
lower  level.  Similarly,  if  R(x)  is  a  function  of  tine  we  may  write 

p(t)  *  RQ  -  R{t), 

Any  linear  operation  (such  as  averaging)  performed  on  p(t)  corresponds 
directly  to  an  identical  operation  performed  on  R(t). 

If  p(t }  i3  measured,  the  x  and  y  coordinates  of  the  surface  inter- 
r-cction  of  the  line  of  sight  are 


X(t)  (t)  -  p(t)  COS  <* 

y(t)  =  pft.)  sin  <*  o 

■voio  :•  is  the  coM'dinate  of  the  intersection  of  the  line  of  sight  with 

’«*  '  *  *■-».  ***■' 

•.V-n  ■:<  is  small,  as  it.  is  for  the  stodel  (  *K  =  0,114  radian  or  6,5  deg). 
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*(t)  ■>  Vt  -  p(t) 
y(t)  -  «<  p(t) 


Suppose  now  that  the  time  varying  signal  is  subjected  to  a  linear 
process  I*  Then  the  conputad  Tallies  of  x  and  y  will  be 

xc(t)  -  vt  -  L  {  p(t)} 

yQ<t>  •  *  I*  {  P(*)  }  • 

Suppose  that  L  consists  of  averaging  p  over  a  period  of  tine  a* 

This  ney  be  due  to  the  beamwidth  causing  the  ranges  which  would  ideally 
be  measured  over  different  tines  to  be  measured  at  the  same  time  and 
averaged,  or  to  the  integration  duo  to  finite  amplifier  bandwidth.  Thus 


Consider  t’  9  effect  of  this  on  a  step  inputt.  Values  of  p(t)  can  easily 
coon  to  be  represented  by  the  curve  of  figure  4  {or  deduced  from  the 
paraeotri  r  e^uat.ior.s  for  x  and  y  giver,  earlier )0 


lilUO  .if  t!:3  StsD  is 


( 


y-0  for  x  <  0 
y  «  h  for  0  <  x 
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p(t) 


Figure  4-.  f«.  t'  For  Simjo/t  O&otmc/* t  o* to?  Const**?  cr. 


Then 


p(t)  •  0  for  t  <  0 


p(t)  «■  tv  for  0  <  t  < 


p(t)  -  for  — <  t 


If  this  is  averaged  ovtr  time  a  ^  the  result  is 

o<  T 


I  P(tf 


t  * 


**  -2~>' 


-  -5-  <  *  <  -4- 
2  2 


vt 


1.  /  t  /  _ *L~ 

2  «*v 


a 

T 


h 

"•< 


v 

2a" 


[  &  ~  -?-] 


h 

s<  v  -  ~z" 


a  .  h  a 

<  t  <  + 


S<v  T" 


Jt 


-A-  +  <  t 

o<  v  2 


Tiiis  is  sketched  in  fiyiira  5„  Kcte  that  ths  vavefcras  aro  symmetrical  at 
the  top  aad  bottom.,  and  that  the  maJcLswra  error  in  range  occurs  when  t  *»  0 


f..nd  v.-joz  t  -  - 


<KV 


:~;zo  -chat  docs  this  range  curve  do  to  the  computed  contour? 
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Since 

*c(t)  -  Tt  -  X.  [  p(t)| 

y0(t)  -  *  L  [  p(t) J  , 


for  the  step,  the  y  error  is  yc(t)  whenever  x^t)  <  0*  and  yc(t)  -  h 

when  xc(t)  >  0<>  Xg  is  negative  when  vt  -  L  £  p(t)|  <  Oj  insps ctioa 

of  figure  5  or  the  corresponding  equations  shove  that  this  is  the  case  until 

t  a  Ji..0  During  this  tijw 
2 


Tc 


P<  V 

2a 


increases,  and  is  largest  at  t  *  when  yc  *»  ~  largest  error 

before  the  step„ 


Sitrilarily,  at  the  top  of  the  step,  corresponding  to  >  0,  the 


( 


error  is 


-  t 
•cv 


•f->2]  - 


o<  v  /  h  +  _a_ 
2a  v  Z 


*) 


2 


i'bi.2  cxnrrasion  is  sere  at  t  =  — —  +  -A",  and  is  more  and  core  negative 

v  2 

L  — 

for  sraller  t0  Thus  t:ha  largest  error  occurs  at  t  =  *  -  •*»,  where 

v  2 

it  has  the  value  -  as  before „  The  effect  of  averaging  tine,  a, 

2 

on  the  roryated  profile  is  shorn'  in  figure  6.  For  the  paadauis  velocity  of 
.jA  ar’i  end  the  gcwastvlcal  model  adopted  previously,  the  averaging  tine,  a, 

fov  a  2-inr.h  nasi  ana  error  is 
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pa) 


Figure  5 ■  /oft)  am tt  L  f /oft)}  vo.  t  for  Simple  Obstacle 
and  Constant  tr . 


y 


Figure  6. 


Computed  Profit  to  For  Simple  Obstacle  lor 
Vertovs  Valves  ofi  Averaging  Time ,  a  . 


S 


The  averaging  time,  a,  nuat  now  be  described  in  teen*  of  the  vertical 
beamwidth  of  the  optical  system  end  the  characteristics  of  the  asqplifier. 

To  detemine  the  vertical  beast,  it  is  only  required  to  determine  the 
relation  between  the  been  averaging  tJjae,  a^*  and  the  vertical  beanwidth, bo 

It  can  be  seen  from  figure  7  that  when  °<  ia  ana'll  the  distance 
along  the  ground  lying  within  the  beast  is  about  d  ■*  J^-.  Since  the  averaging 
time  is  a^  =*  Here,  for  v  o<  “  8.3  foot/sec  and  a^  “  0.040 

second,  b  ■*  .33  foot. 

It  may  be  pointed  out  that  since  the  allowable  error  is 
°<  ra  m  <*  .v  b 

2  2  =SV 

b  is  itist:  twice  the  allo’./able  error,  independent  of  the  product  ©C  ?« 

Tide  value  (4  inches)  requires  a  beanwidth  of  vv^TJ  “  7.6  milli radians , 

3  X  44 

assming  that  measurements  are  to  be  made  at  44  feet. 

In  considering  act  amplifier  following  optical  elements  it  is 
ooT.-or.icnt  for  calculation  to  define  a  quantity  called  the  integration 
tine  of  the  amplifier.  This  is  defined  as  1.25  times  the  10-90j£  rise 


1  tine  of  the  amplifier.  Integration  tinea  add  in  the  root  square,  and  the 

integration  tim-handvidth  product  is  0.44  for  typical  ay  tana,  the 
averaging  tint,  a,  considered  above  represents  the  integration  tine  of 
the  system.  For  the  specific  system  considered, 

B  '  To«  *  u 

It  nay  be  concluded  that  the  vertical  bean  should  be  about  7.6 

nilliradlans  wide  and  that  the  anplifier  bandwidth  should  be  11  cps,  if 

either  were  the  only  source  of  error.  Since  both  are  involved,  each 

error  must  be  somevhat  smaller.  Suppose  B  «  25  cps,  then  a-  *  and 

25 

a.  «  J  (.040) 2  -  (J>44)2  -  .036 
-*•  '  25 

and  b  ~  (.036)  (8„3)  =  0,30  foot,  which  corresponds  to  6.8  cdlliradians. 

This  choice  is  probably  better  than  decreasing  the  originally 
computed  and  02  by  ^~2t  since  it  is  easier  to  increase  the  systm 
bandwidth  than  to  narrow  the  sensing  bean. 

The  nc;rt  question  to  be  considered  is  allowable  range  errors.  This 
requires  lees  cnclysis  than  the  foregoing.  It  can  be  seen  from  figure  8 
that  a  rr.;vje  error  of  A  B.  results  in  the  corresponding  computed 
cr  ore  int os  usiug  shifted  along  the  line  of  sight  by  the  amount  of  the 

rar-c  error. 

( 

Vhcn  tho  line  of  sight  makes  a  small  angle  «»<  with  the  horisoatal. 
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Figure  7  Seem  -  Ground  Geometry 


Figure  8 ■  /Effect  of  Fe-ye  /Error  oF 


range  errors  thus  show  up  as  horizontal  shifts  in  the  computed  terrain* 

The  corresponding  vertical  error  is  thus  a  maximum  when  observing  an 
obstacle  which  is  perpendicular  to  the  line  of  sight  (or  approximately 
perpendicular  to  the  terrain)  and  under  these  conditions  is  equal  to  the 
height  of  the  obstacle. 

Since  it  is  assumed  that  the  sensor  is  to  function  against  snail 
obstacles  on  a  level  surface,  this  situation  must  be  taken  as  determining 
the  allowable  range  error.  Clearly  any  range  error  m&y  result  in  a 
vertical  error  exceeding  the  2-inch  allowance  previously  established. 

And  it  cannot  be  expected  that  the  sensor  will  measure  range  with  no 
error.  Hence  an  arbitrary  choice  must  be  made. 

It  is  reasonable  to  set  the  allowable  range  error  at  2  inches. 

This  allows  an  error  in  the  location  of  a  vertical  obstacle  of  2  inches 
along  the  terrain;  it  is  considered  that  the  effect  of  such  an  error 
in  the  vehicle  suspension  will  not  be  critical,  incidentally,  in  order 
to  make  use  of  knowledge  of  an  obstacle  to  this  degree  of  accuracy 
requires  knowledge  of  the  velocity  of  the  vehicle  to  the  same  accuracy 
as  the  range,  or  to  within  0. 38# .  A  one  percent  error  in  knowledge  of 
velocity  yields  a  .44  foot  error  (5.3  inches). 

Since  wc  are  considering  abrupt  obstacles  on  a  level  surface  as  one 
type  of  c.ivirormcnt  in  which  the  sensor  is  to  function,  some  initial 
consideration  may  l-e  given  to  the  effect  of  such  an  obstacle  on  the  motion 
of  the  vehicle  hall  when  the  obstacle  is  encountered.  Because  of  the 
curvature  o"  the-  wheel  or  track,  the  axle  of  the  vehicle  does  not  follow 


the  obstacle  exactly.  This  effect  vrfU  be  considered  bore  in  the 
idealised  font  of  a  rigid  wheel  hiring  a  two-foot  radius  rolling  ore r 
a  hard  obstacle  having  a  square  cross-section  one  foot  on  a  side. 

As  shown  in  figure  9,  the  axle  of  the  ▼ chicle  traverse*  a  path 
considerably  different  from  the  shape  of  the  obstacle.  In  a  sense,  the 
wheel  or  track  of  a  vehicle  snooths  snail  abrupt  obstacles.  Thus,  for 
the  case  considered,  the  obstacle  of  figure  10  is  effectively  equivalent 
to  that  of  figure  9. 

In  this  particular  case,  at  least,  the  axle  never  saves  directly 
vertically  unless  the  obstacle  is  a  hole  having  a  depth  greater  than 
the  radius  of  the  wheel,  and  the  vehicle  is  noving  very  slowly  so  that 
the  trajectory  effects  con  be  ignored. 

This  lias  soce  effect  on  the  shadow  problem o  As  suggested  by 
figure  11,  a  sensor  looking  at  an  angle  c*<  cannot  distinguish  between 
the  contour  A3CD  end  the  contour  ABD.  Any  contour  lying  between  these 
lines  gives  the  saxa  output.  The  effect  of  this  lack  of  information  on 
the  vehicle  depends  on  the  difference  in  axle  paths  that  would  result 
f ror  the  two  extreme  contours  responsible  for  this  sensor  indication. 

As  can  bo  seen  in  figure  9,  the  axle  motion  resulting  from  the 
S'jirro  obstacle  is  the  sair<e  as  would  result  from  the  rounded  obstacle 
of  i‘jgv.r.;  10.,  Thus  the  possible  terrain  variations  which  would  result 
in  different  axle  responses  and  yet  give  the  sane  sensor  response  are 


r'jure  9  /Px/e  &r  jZ-f£  -raJ/us  6iPAet/  a#//  /-/£ 

04sta</e 


as  shown  by  tbs  dotted  area  in  figure  12°  It  night  be  as  tuned  that  the 
actual  contour  was  intermediate  between  these  two,  at  shown  by  the  dotted 
line  in  figure  12*  This  yields  an  aide  error  which  depends  on  the  height 
of  the  drop-off  and  the  radios  of  the  wheel  o  It  can  be  seen  iron  figure 
13  that  the  oaxiuna  difference  in  axle  locations  occurs  at  a  distance 
\j  XVh-fe2  after  the  brink  of  tbs  drop-off,  where  V  represents  the  wheel 
radios  and  h  is  the  drop  height.  If  X  la  the  nexiwna  distance  between 
the  axle  locations  for  the  two  extreme  contours,  X  *  (l#+h)  -  (Wy)«  When 
°<  is  small,  and  when  h  is  not  toe  mull,  y  is  approximately 

y  *"  «<  v  2Vh  -  h2  , 

and  hence 

X  -  h  ~  c<  J  2Wh  -  h2  „ 

The  naxiHun  axle  error  is  (1/2)*,  if  the  terrain  is  assuned  to  lie  midway 
between  the  extrerss  possible  paths.  This  ban  been  plotted  in  figure  14 
for  values  of  the  wheel  radius  W  of  one  foot  and  two  foot.  It  can  be 
EC.’.n  tliat  for  obstacles  of  6  inches  or  les3,  tfco  error  is  within  the  2- 
itich  li;iit  required.,  Of  course,  to  this  error  will  be  added  those 
resulting  frou  errors  in  measurement.. 


( 
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Sensor"  S Jr  a  Sou'  Geometry 


figure  /  Z  ■ 


Terrain  /ariations  G>>ri  try  0/fJerirry  S*Je 
R» i poos t  Jut  Same  Sensor  Response 
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OPTICAL  RANGING  METHODS 


The  type  of  sensor  system  under  consideration  derxres  terrain 
contour  information  from  optical  range  measurements*  These  measurement* 
are  made  from  a  point  on  the  vehicle  a  know  height  above  the  local 
terrain,  along  a  line  of  sight  with  known  depression  angle*  In  the 
previous  section,  the  allowable  range  error  was  chosen  to  be  2  inches, 
and  a  nominal  value  of  range-to- terrain  on  level  ground  of  44  feet  was 
adopted*  The  ranging  device  must  thus  be  accurate  enough  to  provide 
the  required  resolution  at  ranges  of  a  few  tens  of  feet,  and  must  respond 
rapidly  enough  to  changes  in  range  to  be  compatible  with  the  system 
bandwith,  somewhat  greater  than  11  cps,  calculated  earlier. 

Five  different  types  of  optical  rangefinders,  both  active  and  passive, 
have  been  studied  for  the  terrain  sensor  application.  Of  these,  an  active 
system  using  c-w  transmission,  and  a  passive  system  using  image-plane 
location  have  shown  the  greatest  promise  and  have  been  studied  in  most 
detail.  The  rangefinding  aiethoda  considered  are  described  below. 

A  note  on  the  terminology  used  in  this  report  is  io  order.  Active 
systems  are  considered  to  be  those  in  which  modulated  energy  is  transmitted 
from  the  vehicle,  reflected  from  the  terrain,  detected  at  the  vehicle,  and 
processed  to  derive  range  from  travel-time  effects  on  the  modulation 
waveform.  Passive  systems  are  considered  to  be  those  that  make  use  of 
radiated  or  reflected  energy  and  do  not  require  a  modulated  source;  io 
this  s?r>.ne,  a  system  that  operates  in  the  daytime  by  detecting  reflected 
sunlight  and  at  night  by  detecting  reflected  light  from  a  simple 

unmodulated  bean*  is  considered  to  be  '‘passive,"  even  though  under  sou 
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(  conditions  of  operation  a  simple  source  may  be  required  to  provide 

adequate  energy  for  operation. 

ACTIVE  C-W  RANOETINDER 

The  first  raagefinding  system  studied  was  of  the  tjpe  described 
in  the  original  proposal.  This  system  uses  visible  or  infrared  energy 
intensity  modulated  at  a  fixed  frequency*  Energy  reflected  from  the 
terrain  is  collected,  and  the  phase  of  the  resulting  modulation  is 
compared  with  that  of  the  transmitted  energy.  The  phase  shift  resulting 
from  two-way  transit  time  gives  a  measure  of  range  to  the  target.  It  is 
shown  below  that  a  system  meeting  the  assumed  accuracy  requirements  is 
feasible  in  a  package  of  reasonable  size,  and  can  be  designed  without 
requiring  extensions  in  the  present  state  of  the  art. 

Derivations  of  the  aquations  given  below  for  calculating  the 
effectiveness  of  this  type  of  system  are  found  in  appendix  A. 


i 
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The  basic  factor  used  to  evaluate  the  range-binding  capability  of 
the  systen  is  the  noise-equivalent  range  increment,  ^  R«  This  factor  is 
a  measure  of  the  change  in  range  that  is  required  to  produce  a  change  in 
output  equal  tc  system  noise  (including  noise-in-signal )  and  is  thus  a 
good  indication  of  the  limiting  value  of  range  resolution  which  can 
reasonably  be  expected  from  a  well-designed  eye teeu  For  this  type  of 
active  ranger,  the  governing  equation  is 


AR  -  2  Rnax  P  RZ 

WAt  Ac  ^  e 


where 


(1) 


Rjjjm  maxi  cun  unambiguous  range 

?  --  Multiplier  phototube  noico  equivalent  power  (NEP)  1  cps  bandwidth 

D  mtcgi*  :iou  bandwidth 

I\  range 

V/  —  transmitter  radiated  power 

/-.  -  area  of  transmitting  aperture 

-  area  of  collecting  aperture 
p  ~  reflectivity  of  target  area 

OJ-  solid  angular  field,  of  vie: 

c  -  opti cal  efficiency 


( 
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As  noted  earlier,  a  value  of  2.0  inches  for  &R  at  a  range,  &, 
of  44  feet  is  considered  to  be  satisfactory. 


The  equations  required  to  derive  the  factors  and  P  of  equation 
(1)  from  the  various  system  parameters  are  as  follows: 


max 


C/4  f 


max 


(2) 


where 

C 

fmax 


velocity  of  light 

maximum  modulation  frequency,  aud 

p  -  (-J-  +  O.GZSEt  +Eb) 


'/z 


<3) 


where 

n 

e 

i 


c 


5 


multiplier  phototube  gain 

charge  on  electron 

multiplier  phototube  dark  current 

power  collected  from  target  area  from  transmitted  beam 
background  power  collected  from  target  area  from  incident 
ambient  radiation 
multiplier  phototube  responsivity 


The  factors  E^  and  may  be  derived  from 
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\NAtAcPU)L 

rrfr 


and 


(4) 


£*  =  Ypu/ic  , 


(5) 

where  Y  “  ambient  power  reflected  by  target  with  unit  reflectivity. 
(The  ambient  energy  considered  here  ia  direct  and  scattered  sunlight.) 


Values  For  Parameters 

Reasonable  values  for  the  parameters  necessary  for  solution  of  the 
equations  given  above  have  been  selected,  based  on  the  types  of  components 
and  techniques  presently  available.  As  shown  below,  these  given  an 
acceptable  value  of  AR  even  under  adverse  operating  conditions. 


Transmitter  Radiated  Power,  W.  Tlie  transmitted  radiated  power,  W, 
enters  into  the  denominator  of  equation  (1),  and  thus  must  be  maximised 
to  obtain  minimum  Aa«  The  power  of  interest  is  that  which  lies  within 
the  range  of  spectral  sensitivity  of  the  receiver,  so  that  the  color 
temperature  as  well  as  the  brightness  of  the  source  must  be  taken  into 
consideration  in  calculating  the  effective  value  of  tf. 

( 
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the  brightest  source  commercially  available  is  an  arc  lamp  provided 

with  permanent  electrodes  sealed  into  an  arson-filled  glass  bulb,  this 
device  is  several  times  brighter  than  a  conventional  tuag s ten- filament 
lamp,  and  operates  at  a  color  temperature  of  3200°K.  A  typical  value  of 
brightness  if  46  candles  per  square  millimeter*  for  a  source  diameter  of 
0.110  inch,  to  convert  these  values  to  effective  watts  in  the  spectral 
bandwidth  of  the  receiver*  it  is  necessary  to  use  the  following 
relationships*  given  for  multiplier  phototubes  with  S-ll  and  3-20  responses. * 


(S-20);  W  * 


4600  lumens 

— : - o.ooi4? 

cmz  -  ster 


T?  r  S -20*  ,J2O0°<i  watt 
1?[Ka,3£00'*J  lmeu 


~  4600  X  .00147  X  .065  X  .040**1  -  11.0  watt  cm-2  ster”1 

(S~ll);  W  ~  4600  X  .00147  X  .036  T.  .040'1  »  6.1  watt  cm"2  ster  ~1 

Values  for  1J  are  given  in  ixg  ~o 


A  detailed  description  of  the  characteristics  of  these  multiplier 
phototubes  is  given  in  Appendix  3,  together  with  derivations  cf  the 
conversion  factors  from  lumens  to  watts. 


( 
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Background  Radiation.  Sb.  The  factor  la  the  power  collected 
from  the  ambient  radiation  incident  on  the  terrain,  figure  indicates 
that  the  worst  background  condition  yields  a  terrain  illumination  of 
about  11,000  foot* candles.  Thus,  T,  the  sun  power  reflected  from  the 
terrain  (for  j°  =  1.0),  is 

(s-2o) ;  y  =*  lumens  x  . 00i47  -JLLsrau _ ,-awfldwm . 

TT(  30.48c*)2  7  [k  ^  ,  S900°a  ]  lumen 

a  x  .00147  X  .316  X  .137"1  «  1.26  X  10 '2  watt  cm”2  ater*1 

(S-ll);  X  =  X  .00147  X  .246  X  .137-1  =  lo00  X  10* 2  watt  cm"”2  ster"1 

where  it  is  assumed  that  the  sunlight  is  scattered  according  to  the  cosine 
law.  The  above  values  of  p  wore  obtained  from  figure 

It  is  thus  possible  to  calculate  E^,  the  power  oa  the  detector 
collected  from  the  aabient  radiation  scattered  from  the  terrain  (equation  5}» 
A  value  of  0.13  is  assumed  for  p  ,  the  average  terrain  reflectivity. 

If  the  terrain  were  very  smooth,  little  transmitted  energy  would  be 
returned,  since  thr  transmitted  beam  would  strike  the  ground  near  the 
yaxina  angle*  Kowever,  surface  roughness  and  the  presence  of  vegetation 
c-.roine  to  insure  a  relatively  large  and  constant  return  from  auch  a  beam. 

It  should  also  be  noted  that  for  very  smooth  terrain  (e.g.,  improved  roads) 
the  active  suspension  system  would  not  be  required  for  maintenance  of  high 


vehicle  speeds, 
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Tha  solid  angular  field  of  view,  CO  ,  ie  a  function  of  the  vertieal 
and  horizontal  beamtddths.  For  an  electrical  bandwidth  of  25  ops*  a  value 
of  608  milliradians  for  the  vertical  beanwidth  was  calculated  previously* 

&  value  of  22,7  cdlli radians  for  the  horisontal  beavwidth  is  equivalent 
to  a  1- foot-wide  beast  at  a  range  of  44  feet,  to  give  a  reasonably  wide 
pattern  on  the  ground.  Thus  the  solid  angle  CO  equals  .0068  X  .0227  n 
lo54  I  10""4  steradian. 

Ac  is  the  clear  aperture  area  of  the  collector  optics.  A  value  of 
125  cm2  for  Ac  corresponds  to  an  unobstructed  circular  aperture  of 
approximately  5-  inch  diameter.  This  aperture  size  will  gi  ve  good 
performance  in  a  relatively  small-sized  system. 

From  those  values,  we  can  compute  as  follows: 

(S~20);  Ejj  1.28  X  lO"2  X  0.18  X  1.54  X  10~4  X  125  s  4.43  X  10*  5  watt 
(S— 11) ;  Kjj  r  «*  3.46  X  10**5  watt 


( 


Target  Radiation,  E^.  The  retaining  value  necessary  for  the  solution 
of  equation  (3)  Is  the  value  of  E^.,  the  power  returned  frost  the  target  as 
a  result  of  illumination  by  the  tr&nsaitter.  The  remaining  quantities 
not  yet  chosen  are  A^,  the  area  of  the  transmitting  aperture,  and  £  , 
the  optical  efficiency.  Again,  a  value  of  125  cm2  la  practical  for  kt> 
and  a  value  of  £  of  0.5  is  reasonable.  Thus, 


(S-20).  EL  -  11-0  1,1.54,1  lO^IQ.S  .  ^  x  10-7  ^ 

X  (44  X  30.48)2 


(S~ll);  Et  •  2.33  X  10“7  watt 

Multiplier  Phototube  NEP.  From  the  values  derived  above  and  the 
tcnoun  device  characteristics,  it  is  thus  possible  to  evaluate  equation  3 
for  the  multiplier  phototube  NEP,  P.  In  Appendix  B,  a  simplified 
relationship  is  shown  to  be  valid  for  tubes  with  both  &  20  and  S-ll 
phosphors.  This  relationship  is 


P  - 


[5.3  X  10  18 


watts. 


(6) 


with  the  simplification  arising  from  the  fact  that  the  contributions  from 


< 
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the  values  of  i/S  and  E^  (as  computed  above)  are  negligible  oocupared  to 
those  arising  fro*.  E^.  During  nighttime*  operation  £t  will  predominate 
and  P  will  have  to  be  recomputed  for  this  situation.  However,  night 
operation  is  not  the  limiting  case,  and  the  purpose  of  this  section  is 
the  calculation  of  AH  under  the  moat  adverse  conditions.  Thus  we  can 
evaluate  the  multiplier  phototube  NEP  as 

(S-20) ;  P  »  1.53  X  lXf 11  watt 

(S-ll);  P  -  i035  x  10*11  watt 

Maximum  Unambiguous  tenge,  PaaXo  Equation  2  yields  the  value  of 
flmnT,  the  maximum  unambiguous  range.  It  is  a  function  of  fniaK>  the 
maximum  chopping  frequency  which  should  be  as  high  as  practical  to 
minimise  I^,ax  and  thus  A  R„  A  spoke  type  reticle  of  alternate  opaque 
and  transparent  lines  of  equal  width  is  the  most  practical  for  this 
application.  In  order  to  obtain  a  value  of  equal  to  2  X  10b  Cps, 
assume  that  the  reticle  is  formed  on  a  disk  of  lO  inch  circumference 
and  is  rotated  at  18,000  rpm.  This  rotational  speed  is  achievable. 
(Actually,  a  second  stationary  disk  of  identical  shape  is  necessary  to 
perform  the  chopping.)  The  width  of  the  lines  on  the  disks  become 

10  rev  /  a 

-  inch  X  300  -  /  2  X  10b  «  .00075  inch. 

2  sec  J 

— .  — — — -  t/o 

wCuring  nighttime  operation.  P  Et  ,  and  since  the  above  calculated 
ratios  of  Ek/Ejj  tv  100,  AH  is  a  factor  of  10  better  than  during 
daytime  operation. 
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An  investigation  of  the  present  state-of-the-art  in  the  Manufacture  of 
reticles  indicates  that  the  above  value  is  achievable.  Thus  an  ^max  of 
2  X  10*  cps  and  an  of  3.75  X  10^  cm  (123  feet)  are  attainable  values. 

Calculation  of  A  8.  Equations  1  and  4  combine  to  give 


R 


2  f  imr 


ir% 


t 


(7) 


A  value  of  8,  the  amplifier  bandwidth,  of  25  cps  was  calculated  previously. 
Since  4  R  is  to  be  ainimized,  the  S-20  photocathode  provides  improved 
operation  over  the  S-ll,  since 


(S-20) ; 


3.03  X  10~5 


(S-ll);  -jr 


5.79  X  10-5 


so  that  the  S-20  type  is  better  than  the  S-ll  by  a  factor  of  l.b. 


Before  A  tt  is  calculated,  one  more  factor  must  be  applied.  Since 
the  source  i3  chopped,  only  one-half  of  the  total  emitted  energy,  V,  is 
transmitted,  so  that  E^  should  bo  reduced  by  one-half.  Thus 


R 


2  X  3,75  X  103  X  io53  X  10“11  \J  2  X  25.  U2i  ^ 
rrx  4.21  X  10“7/2 


0,50  in.. 
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whoa  the  S-20  multiplier  phototube  is  used  in  *  system  having  the 
characteristics  selected  above » 

This  calculated  value  of  A  R  is  a  factor-of-four  better  than  the 
assumed  maximum  allowable  error  of  2  inches  at  a  range  of  44  feet.  It  it 
felt  that  the  assumptions  made  in  the  preceding  calculations  were  conservative, 
and  represent  achievable  values „  The  value  of  0o5  inch  provides  a  sufficiently 
large  margin  of  error  to  glva  a  good  degree  of  confidence  that  this  type  of 
active  range  finder  will  perform  the  necessary  function,. 
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Tradeoff  Analysis 


Although  preliminary  design  calculations  can  provide  a  reasonably 
accurate  estimate  of  system  performance,  many  of  the  critical  parameters 
can  only  be  determined  exactly  after  the  system  is  built,  and  it  is  often 
necessary  as  the  design  progresses  to  melee  various  trade-offs  as  practical 
difficulties  are  encountered  or  specific  portions  of  the  design  are  frosen. 
Based  on  the  equations  presented  earlier,  and  with  reasonable  assumptions 
as  to  the  reliance  that  can  be  placed  on  various  factors,  a  set  of  charts 
has  been  constructed  to  permit  rapid  analysis  of  the  effects  of  changes  in 
several  of  the  more  important  parameters*  The  charts  are  based  on  the 
following  analytical  approach* 

Equation  1  may  be  rehrritten  in  terns  of  all  the  basic  parameters  as: 

aR  -  zcUGe'fpuAz/sl*  YlkjBL 

A  £ TTnX  *  lw/z]  At  Acquit 

=  cizGe  Y/sY  Yz3  Rl _ 

L,,  lV/Aj/yAo/zS 


(8) 


7  f  vo  the*:  uvjruu  t'czX  th-o  tvansadtter  and  receiver  clear  apertures 


30 


1*  !■ 


A  - 
c: 


( 


Tf  B  2/4 
a  '  J 
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where  V>a  is  the  diameter  of  the  apertures,  and  that 


aj-  e-<j>  -  ebx/R  , 

where  £>  and  (fi  are  the  vertical  and  horizontal  baamv/idths,  respectively, 
and  bH  is  the  linear  width  of  the  horizontal  beam  pattern  at  range  R,  we 
my  write  equation  (8)  as 


±cUQsJIljlz&~B—  . 

1 V  7r  Q?  ft  0*6/ £■ 


(9) 


Co v tain  of  the  above  parameters  arw  nore  reliably  known  than  others,, 

V!':,se  are 

V  *••  11, 000 t'Ti'  foot  candle 

0  -  .  GGflJ  radian 

l>  -  2  S  r.yft 

.7  *  .11  .,0  watt  cm'"  she r"*- 

€  '■  0o5 


it  these  values 
with  S  -20  photo 


vki  the  knot'll  values  e.f  G  and  C  for  a  multiplier  phototube 
t.bodo  are  substituted  into  equation  (9),  we  my  write 


Best  Available  Copy 
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4./4/0\LR(Ml 

l  Da  W}J  £  f>  ] 


The  value  of  a  ft  is  thus  given  in  tents  of  the  range*  Rj  the  “^iins 
chopping  frequency*  fMX;  the  aperture  diameters,  Da;  the  terrain 
reflectivity,  ^  •  and  the  linear  borieontal  beaswidth  at  range  R,  by. 

The  maximum  chopping  frequency,  fUAX,  stay  be  written  as 

fnax  “  26.2  Dp  (in)  fi  (rpe/w  (in)  (11) 

where  h  is  the  chopping  disk  diameter,  j CL  is  the  rotation  rate  of  the 
chopper  disk,  and  w  is  the  width  of  the  opaque  and  transmitting  lines  in 
the  chopper. 


Based  on  these  equations,  figures  15,  lb,  17,  and  18  have  been 
constructed  to  permit  rapid  graphical  solution  for  assessment  of 
tradeoffs  or  evaluation  of  the  effects  of  various  changes  in  the  system. 

A  set  of  "typical"  construction  lines  is  given  on  the  figures,  representing 
the  current  best  estimate  for  a  practical  system  design  meeting  program 
objectives. 


( 
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Rot at  i 


IMAGE-PLANE  RANGEFi.NDi.NG 


In  this  section  passive  optical  ranging  by  means  of  image  plane 
location  is  examined.  The  basic  concept  behind  this  ranging  technique  is 
that  of  aiming  an  optical  system  at  the  object  to  which  range  is  to  be 
measured  and  determining  the  position  of  the  image  plane  of  sharpest 
focus.  Knowledge  of  the  location  of  this  plane  of  sharpest  focus  permits 
the  object  distance  to  be  calculated. 

This  process  can  be  made  automatic  by  various  means.  For  example, 
if  a  photomultiplier  or  other  radiation  detector  is  placed  on  the  optical 
axis,  with  a  rotating  chopper  wheel  in  front  of  it,  and  the  chopper 
wheel  is  moved  along  the  optical  axis,  maximum  modulation  occurs  when 
the  chopper  is  in  the  plane  of  sharpest  focus.  Slightly  more  complicated 
methods  than  this  nay  present  sufficient  advantages  to  warrant  their 
adoption. 

The  present  discussion  of  such  systems  contains  two  partsn  The  first 
is  a  brief  presentation  of  the  mathematics  required  for  a  complete  analysis 
of  such  systems.  This  presentation  is  included  only  for  completeness, 
since£  as  it  will,  be  seen,  actual  numerical  calculations  require  data 
v.’liich  is  not  available.  However,  this  part  does  serve  as  a  guide  for  the 
second  part  of  the  discussion,  which  is  an  analysis  of  a  particular  system; 
the  minimum  detectable  change  in  range  is  calculated  for  this  special  case. 


Systran  Analysis 

The  following  is  a  brief  outline  of  the  steps  required  for  the 
complete  analysis  of  ranging  by  image  plane  location. 
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We  describe  the  image  space  by  an  intensity  distribution  I(x,  j,  s) 
where  z  represents  distance  along  the  optical  sods.  The  field  stop  and 
chopper  together1  constitute  a  time- varying  space  filter  W(x,  y,  t);  when  this 
is  located  at  (x,  y,  s)  in  image  space  the  tine- varying  output,  0(x,  j,  a,  t), 
is 


0(x,y,s,t)  « 


w(*o»yc»t)  I^x»  +  *»  y0  +  y*  »*  *)  <**0  ^o* 


05 

The  mean  square  value  of  the  resulting  electrical  output  (neglecting  a 
constant  factor  for  gain)  is 


P(x,y,z) 


„  Ida 

T-*® 


dt 


Kcw  if  x  and  y  are  allowed  to  vary,  the  average  value  of  P(x,y;r,)  *■  F(z) 
may  be  taken  as  tho  expected  electrical  output  as  a  function  of  position 
along  the  optical  axis c  Thi3  quantity  P(z)  will  have  a  maximum  at  the 
position  of  sharpest  focus,.  zos,  and  the  average  «inimu»  detectable  change 

in.  focus  ,  cis,  will  be  such  that 

f('c)  -  P(s0  -!•  ds)  ~  J!a  where  N  is  the  noise  power  in  the  system. 


ihere  ara  two  mathematical  problems  involved  in  actually  carrying 


( 
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out  the  required  calculations .  the  first  is  this:  It  mist  bs  supposed 
that  the  intensity  distribution  in  the  in* go  plans  results  fro®  the  action 
of  the  optical  system  on  an  intensity  distribution  in  object  space,  and 
that  this  intensity  distribution  is  not  given  explicitly,  but  only  its 
statistical  structure  is  available;  this  structure  nay  be  expressed  in 
terns  of  two-dimensional  Wiener  spectra,  for  example. 

The  second  problem  is  that  of  calculating  W(x,y,t)  front  the  known 
cliaractoristics  cf  the  chopper  and  field  stop. 

Briefly,  the  first  problem  is  handled  by  considering  that  the  object 
space  is  a  plane  located  a  fixed  distance  from  the  optical  system*,  and 
is  described  by  a  Wiener  spectrum  BCkpkg).  Then  th®  statistical 
properties  of  the  image  space  are  given  by  the  Wiener  spectrum 

Kkpk^s)  -  !  Hfkpkj,*)  j  2  BfkplCj) 

where  is  the  transfer  function  of  the  optical  system. 


If  the  expression  for  P(s)  is  written  out  as 


P  ( Z)  - 


Lira 
i<  -  ^ 


”«•  additional  co:rpIics.tior.s  Introduced  by  considering  a  three-dimensional 
o.'ievt  r,;r-.c.c  ;n\;  not  warranted  at  tins  stage  of  the  study. 


( 


then  it  may  be  shown  that 


p(  2)  =  Jjdk.dki 

co 


B(  k, }  kz) 


Lirn 

T-*<o 


T 


In  this  expression  Htk^k^s)  can  be  found  by  analysing  the  optical  systen, 
and,  as  will  be  shown  below,  W(k1(k2,t)  can  be  calculated  from  the 
characteristics  of  the  field  stop  and  chopper,  and  so  if  the  nature  Of 
the  background  B(k1,k2)  is  known,  P(x)  can  be  calculated.  Of  course,  the 
limitation  on  this  approach  is  the  specification  of  B(k^,k2).  The  many 
background  studies  which  have  been  conducted  have  been  concerned  with  very 
much  lover  resolution  information  than  is  required  for  this  problem,  and 
so  the  necessary  data  does  not  exist. 

To  complete  the  discussion,  the  relation  of  W(k-j,k2»t)  to  the 
characteristics  of  the  field  stop  and  chopper  will  be  indicated. 

If  the  chopper  has  a  weighting  function  C(x,y)  and  the  field  stop 
bes  a  ’..-sighting  function  F(x,y),  the  resulting  combined  weighting  function 
when  the  relative  displacement  between  the  chopper  and  field  stop  is  Xj,y^  is 


W(xsyvx1,yi)  «  F(x,y)  C(x  +  xj_,  y  +  yx) 


If  -"r  and  y~  r.ra  functions  of  time,  then  the  time— varying  weighting  function 
is  given  by 
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V(x,y,t)  -  F(x,y)  C(x  +  xi  (t),  y  +  n  <t)  ) 


The  transform  of  this  product  la  the  convolution  of  the  transforms. 


and  so 


w(k, ,kltt)  *  <w*JJ‘ F(k> **■'> k* O  CM.. -k‘) e 


dM 


Thus  ,  as  stated  above,  W(k^,k2,t)  can  be  computed  from  the  known 
characteristics  of  the  chopper  and  field  stop. 

Instead  of  following  the  above  generalised  approach,  a  specific  case 
will  be  analysed.  Comparison  will  show  that  each  step  described  above 
appears  in  the  calculations,  but  the  results  lack  a  generality  that  they 
Slight  have  if  r.-orc  data  cn  the  terrain  background  were  available.  On  the 
other  hand,  the  calculations  for  this  specific  case  are  relatively  simple. 
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Optimisation  of  System  and  Noise  Equivalent  Range  Accuracy 


Suppose  that  a  fine-grained  optical  chopper  is  rotated  in  the  inage 
space  of  an  optical  system,  and  then  the  energy  passing  through  the 
chopper  is  allowed  to  fall  on  a  detector*  The  detector  output  will 
contain  an  a-c  signal  resulting  from  the  chopping  of  snail  detail  in  the 
image.  If  the  chopper  is  located  in  the  image  plane,  this  a-c  signal  will 
be  a  maximum;  as  the  chopper  is  moved  away  from  this  plane,  the  amplitude 
of  the  a-c  signal  falls  off,  slowly  at  first  and  then  faster.  (This 
phenomenon  is  evident  in  the  experimental  results  discussed  in  Appendix  C„) 

In  order  to  determine  the  location  of  the  plane  of  sharpest  focus  the 
chopper  may  be  moved  periodically  back  and  forth  along  the  optical  axis  by 
a  small  fixed  amount,  and  tho  amplitude  of  the  signals  obtained  in  the  two 
positions  compared.  The  mean  position  of  the  chopper  is  moved  in  the 
direction  of  the  larger  signal;  when  the  signals  are  balanced,  the  plane  of 
sharpest  focus  is  located  half-way  between  the  two  positions  of  the  optical 
chopper. 


In  order  to  design  such  a  system,  the  process  of  determining  best  focus 
may  be  described  in  slightly  different  terms  which  lead  to  a  quantitative 
treatment. 

It  may  be  considered  that  the  rotational  motion  of  the  chopper  gives 
a  relatively  constant  frequency  signal  in  the  presence  of  detail  in  the 
image;  this  gignal  is  thought  of  as  a  carrier  (in  the  radio-frequency  sense) 
which  is  amplitude  modulated  by  tho  back-and-forth  motion  of  the  chopper. 
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This  modulated  carrier  is  rectified  and  filtered  (demodulated)  to  get 
the  modulation  envelope,  and  this  envelope  is  synchronously  rectified  to 
determine  which  direction  to  move  the  mean  position  of  the  chopper.  The 
synchronous  rectification  results  in  a  d-o  level,  and  the  sensitivity  of 
the  system  can  be  measured  by  the  amount  of  modulation  of  the  carrier 
which  is  necessary  to  make  this  output  equal  to  r.m.s.  noise  in  the  system. 

Calculation  shows  that  for  such  a  system,  if  the  input  signal  has  the 

form 

S(t )  =  S0  (/*  £  CoS  27Tpt)coS  27rfct 

where  SQ  is  the  carrier  amplitude, 

£  is  the  fractional  modulation, 

P  is  the  modulation  frequency,  and 
fc  is  the  carrier  frequency,  and 

if  the  input  carrier  signal-to~noise  ratio  is  high,  then  the  ndnirmsn 
detectable  modulation  £  (that  is,  the  fractional  modulation  which 
results  in  a  final  d-c  level  equal  to  r„m0s„  noise)  is  given  by 

where  c  is  the  r„incSo  noise  power  per  unit  bandwidth,  and  Af  is  the 

bond  width  of  the  system  at  the  output,, 

Tula  formula  can  be  used  to  calculate  the  accuracy  with  which  the 
location  of  the  plane  of  best  focus  can  bo  determined,  and  this  can  be 
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related  to  the  accuracy  with  which  range  can  be  measured  with  such  a 
system. 

In  order  to  do  this  the  quantities  €  ,  SQS  (7  „  and  so  on  must  be 
related  to  the  various  parameters  of  the  optical  system,. 


A  point  near  the  focus  of  the  optical  system  is  sketched  in  Figure  19o 
The  double  cone  represents  the  volume  of  apace  through  which  energy  passes 
from  a  point  target.  Thi3  cone  of  energy  ie  chopped  at  A  and  then  at  B; 
the  detector  output  might  be  as  shown,  where  the  a-c  signal  generated  at 
position  B  is  less  than  that  generated  at  A  because  the  chopper  i3  further 
from  the  focal  plane  at  B„ 


Suppose  that  the  amplitude  of  a  narrow  band  a-c  signal  generated  at 
a  point  A  away  from  the  plane  of  best  focus  is  Q(  A  )„  Then  the 
difference  between  the  carrier  amplitudes  at  A  —  +  A,  and 

A  «  7  --  A,  is  Q(  r(  -  A,  )  -  Qi  7  +  A,  )„  Here  2 A, 
represents  the  fined  distance  between  the  two  positions  of  the  chopper, 
av.d  7  represents  a  small  shift  in  the  location  of  the  plane  of  best 


-r.s  •.■v:ay  from  the  midpoint  of  the  chopper  positions.  For  7  small. 


Q( y-&,)  -  Q(7f  •■■&>) 


zr,dmi 

1  dA 


'ihen  in  the  expression 
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F (jur*  / 9.  Entryy  Distribution  A/ear  Focus,  anat  Fesuttinj  WatrtPorm. 


Oo 


we  can  write  for  the  left  hand  side 


-mm 


*  (.27 


(nun 


dacti 

d& 


CU&D 


becauso  SQ  »•  Q(  A,  )6  The  factor  1„27  “  is  used  because  in  the 
system  under  consideration  the  carrier  is  nodulated  with  a  square  ware; 

only  the  fundamental  of  this  square  ware  is  detected  and  the  amplitude 

Tr 

of  this  fundamental  is  tines  the  amplitude  of  the  square  wave,  The 

factor  Af  is  simply  the  system  bandwidth  measured  at  the  output,  and 
O'  «  P,  the  noise  equivalont  power  of  the  system,  if  all  of  the 
amplitudes  in  question  are  measured  in  terms  of  input  power  to  the 
detector,.  This  leads  to  the  equation 
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or 


7* 


'57 


PCaf) 


*/z 


dQfa, 


(i  A 


v=Aiuo  of  Y  min  now  represents  the  minimal  detectable  image  shift, 
car:  be  relr.t.id  to  the  minimum  detectable  object  shift  (  & 
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by  differentiating  tbs  expression  x  x1  ■  f2,  where  x  is  the  object 
distance  (measured  from  the  front  and  back  focal  points  of  the  optical 
system)  and  f  is  tin  focal  length  of  the  optical  system.  It  is  found  that 


7J  urin 


<  A  x)=rLn 


£ 

x2 
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Hence  the  mini mien  detectable  shift  in  object  position  is 


/.57  PC*  f/* 

<4Ck(A>l 

dA 


It  is  now  necessary  to  determine  the  function  Q(  A  ).  Then  in  order  to 
optimize  the  system  A  -  and  the  other  parameters  affecting  Q(  A  )  must 
be  adjusted  to  maximize  j  dQ,(£,)/dA  |  «  Finally,  substitution  in  the 

above  expression  allows  the  ranging  accuracy  to  be  determined . 


To  determiue  the  function  Q(  A  ),  m  begin  by  imaging  an  ideal  optical 
system  which  forms  a  perfect  image  of  the  field  of  view,  and  assume  that 
the  optical  chopper  is  located  in  the  image  plane  of  this  optical  system, 
bet  the  total  energy  falling  on  the  image  of  the  field  of  view  be  E,  and 
suppose  that  the  chopper  has  these  three  characteristics:  1)  On  the 
average  it.  transmits  half  of  the  energy,  2)  Hie  fundamental  spatial 
jc tone/  it  responds  to  is  k  cycles  per  radian-,  (if  the  chopper  moves 
past  the  field  of  view  with  velocity  v(;f  and  if  the  focal  length  of  the 
-;y xs  tlo.  principal  electrical  frequency  appearing  in  the  output 
of  the-  detector  is  kvc/f  cycles  per  second;  this  is  the  carrier 
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frequency  used  above,  and  so  fc  **  kVg/fo)  3)  The  fractional  modulation 
of  the  energy  E  produced  by  the  chopper  in  the  image  plane  of  this  ideal 
optical  system  is  n.  The  fractional  modulation  is  defined  as  the  r.aus. 
value  of  the  a~c  fluctuations  in  the  power  falling  on  the  detector  (at 
frequency  fc)  produced  by  the  chopper,  divided  by  the  d  c  radiation  falling 
on  the  chopper.  The  fractional  modulation  m  is  expected  to  be  a  small 
number;  on  the  order  of  1%,  perhaps. 

Now  consider  the  situation  which  exists  when  the  image  on  the  chopper 
is  blurred,  as  it  is  in  the  ranging  system  under  consideration.  This  blur 
is  due  to  two  tilings ,  the  blur  due  to  the  optical  system,  and  the  blur  due 
to  the  chopper  being  out  of  the  plane  of  sharpest  focus.  These  two  effects 
arc  independent,  and  it  is  characteristic  of  optical  systems  that  such 
effects  tend  to  add  in  the  square : 

(Total  blur)2  ~  (Optical  blur)2  +  (Out  of-focus  blur)2. 


r!ov  from  the  go  one  try  of  the  system,  the  out  -of -focus  blur  diameter 
is  AD/f  when  A  is  the  distance  away  from  the  plane  of  sharpest  focus, 
D  -?nd  f  arc  the  diameter  and  fecal  length  of  the  optical  system, 
respectively.  Hence  the  angular  diameter  of  the  out-of-focus  blur  for 
stti.ll  values  of  A  is 


(Out-of -focus  blur) 


A  D 


o 


L 


1b-jz  if  the  angular  ui-nr.oter  of  the  optical  blur  is  0  , 
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(Total  blur) 


Nov  the  affect  of  this  blur  on  the  pattern  on  the  chopper  must  bo 
considered,.  Assuming  that  the  energy  falling  on  a  point  in  the  image  plane 
of  a  perfect  optical  system  is  spread  uniformly  over  a  circle  haying  the 
above  diameter,  the  effect  on  the  amplitude  of  spatial  frequencies  k  is  to 
reduce  them  by  a  factor: 


2 

y 


Ji  (y)  * ** 


where  7 


(±M\ 

p*  ’ 


and  .1)  is  the  first  order  Sessel  function,.* 


Hence  if  the  amplitude  of  the  fluctuations  in  radiation  falling  on  the 
dotjc'cor  \a.z  Vs  a  K  in  the  case  of  the  ideal  optical  system,'"*  in  the 
ajstcvj  under  discussion. 

Q(&)  -  ,?  n  mE 

3 


*  v'.-ry  sir'll'!:-  inactions  result  from  ether  assumptions  about  the  energy 
distribution  within  the  blur  circle, 

**  docs  that  n-.l  is  the  r,!.i,.s<.  value  of  the  fluctuations. 
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where  y  *  Trk 


(AD)1 

r~  ' 


This  is  tbs  required  function  Q(  A  ). 

Ve  now  wish  to  design  a  system;  this  requires  picking  peraswters  so 
that  (  A  x ).Kln  is  as  snail  as  possible. 

In  doing  this  it  will  be  assumed  for  the  tine  being  that  9  ,  D,  and 
f  are  fixed;  they  will  then  appear  in  the  final  equation  for  system 
performance.  Assuming  for  the  moment  that  these  are  fixed,  k  and  A  will 
be  chosen  to  maximize  |dQ(  A  )/dA  |  ;  the  resulting  value  of  A  is 

A  !  i  and  the  resulting  value  of  ]  dQ(  A  ^/dA  j  is  to  be  substituted 
in  the  expression  for  (  A  i)n-n„  We  have  immediately 

-  ZYZ  mE[jo(<j)  -  jrJty]  ■ 


Now  for  any  choice  of  the  the  other  parameters,  an  optimum  value  of  k  can 
be  found:  k  must  satisfy 


Hut 


dK  l  dj  /laT/ 
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Since  i5  constant,  the  best  k  results  when 

d  *t 


=  0  , 


or  when  y  is  such  tiiat 


0  . 


Differentiation  yields  the  expression 


has  a  solution  for  y  1  3.06,  t«id  for  this  value  oi  y. 


iZ.  (V)  -  ( T  ( //) 

■  j-  j  -  -j- 


-0.48G  . 


'i’hui:  for  this  best  choice  of  !c 


l  U  (0.486)  m  L 
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A  value  of  A  ^  con  now  be  chosen  to  maximise  this  expression, 
will  easily  be  seen  that  it  is  necessary  that 

A/  D  _  a 

-pr-e' 

So  finally 


dQ(A.)  _  0.687  mED 

<5a  '  J*6 


The  design  requirements  that  have  resulted  from  this  process  are 


UDf 

r 


3  06 


and 


UL 

A 


From  those  ve  iaay  deduce  that 


k  9  «  0o69o 


It 


The  ranging  accuracy  of  this  optimized  system  can  now  be  expressed 


The  only  regaining  chore  before  numerical  calculations  can  be  node  is  to 
evaluate  P  and  E.  The  necessary  infomation  appears  in  Appendix  B. 

There  it  is  shown  that 

E  *  1.15  X  10“*  L  <-0  watts,  where 
L  is  the  radiation  incident  on  the  terrain  in  foot-candle# 
p  is  the  average  reflectivity  of  the  terrain 
CO  is  the  angnlar  field  of  view  of  the  optical  system,  and 
Ac  is  the  area  of  the  entrance  pupil  of  the  optical  system. 

It  is  also  shown  for  practical  purposes, 

P  «  (5.3  X  10“18  J$-)l/2 
z 


Using  these  expressions,  it  is  found  that 


rmn 


-  3.43  -/O 


x'e(*fjk 
Dm(Lf3u>  #<)*>■ 


Consider,  for  e.'saople,  the  following  system: 
x  *  1340  cm  (44  ft. ) 

D  =  7.5  cm  (3  in.) 

Ac  =  33  rxfi 

0  -  10~*'  radians 

-  9.6  X  10"*  steradians 
A  £  -  16  cps 
*  0.01 


m 
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L  -  1000  toot  Candida 

(°  -0.2 

For  this  system, 

(  4  *>,**  ”  4.19  X  10-2  cm 
-  0.016  loch  . 

This  represents  the  theoretical  accuracy  of  this  ranging  process.  An 
actual  system  will  not  be  designed  to  hare  this  accuracy,  since  achieving 
this  performance  would  require  unnecessary  refinement  in  design  and 
construction.  This  calculation  does  show  that  noise  inherent  in  the 
ranging  process  does  sot  limit  system  performance  under  the  assumed 
conditions,  and  that  therefore  the  precise  values  chosen  for  various 
parameters  such  as  the  percentage  modulation  are  not  critical. 


Might  operation  with  the  passive  image-plan*  rang*  finding  ays  tea 
presents  no  problem;  however,  it  does  require  the  use  of  a  searchlight  to 
illuminate  the  terrain.  Mather  than  performing  a  completely  independent 
calculation  to  find  the  performance  for  this  situation,  it  is  possible  by 
inspection  of  the  previous  calculations  on  both  the  active  and  passive  systems, 
during  daytime  operation,  to  show  the  night-passive-eystea  feasibility. 

Calculations  on  the  use  of  the  arc  light  in  the  active  c-w  system 
yielded  a  value  of  Et(S-20)  «  4.2  X  10”7  watt;  and  Eb(3-20)  -  4.4  X  10~5  watt, 
calculated  for  &  terrain  illumination  of  11,000  foot  candles.  Thus,  the 
return  from  the  arc  light  would  be  equivalent  to  a  terrain  illumination  of 
11,000  X  4.2  X  10_7/4.4  X  lo”5  -  105  foot  candles. 

In  the  calculation  performed  in  the  previous  section  for  the  daytime- 
passive  operation,  I  was  assumed  to  be  1000  foot  candles.  Since 

(  4  x)n  /n/  I“2  , 

night  operation,  using  the  passive  system  yields  a  value  of 

(  a  x)n  =  0.016  inch  X  =  0.05  inch  , 
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The  Effect  of  a  Constantly  Chanting  Target 
Am  Dstmdnatjaa  af  Beat  Focus 


The  proceeding  analysis  of  ranging  by  location  of  the  position  of  best 
best  focus  has  asstand  a  fixed  object  field.  Consideration  wist  be  given  to 
the  fact  that  nornally  the  field  is  soring.  The  notion  of  the  field  has 
only  a  slight  effect  on  the  amplitude  of  the  signal  resulting  iron  the 
chopping  action  of  the  reticle.  If  paints  enter  or  leave  the  field  e  phase 
shift  and  amplitude  change  any  result,  hot  this  effect  is  snail,  since  only 
points  near  the  edge  of  the  field  osn  cause  such  effects.  The  rate  at  which 
these  changes  can  occur  is  of  course  United  by  the  rate  of  notion  of  the 
field;  if  this  notion  is  low  compared  with  the  chopping  rate,  only  snooth 
amplitude  changes  will  result  from  the  noring  field.  Thus  notion  of  the  field 
has  little  effect  on  the  chopping  action. 

Now  consider  the  process  of  determining  beet  focus.  This  is  done  by 
comparing  the  amplitudes  of  the  interrupted  signals  produced  alternately  at 
two  different  points  along  the  optical  axis.  Since  the  notion  of  the  target 
area  produces  changes  in  these  amplitudes,  it  is  desirable  to  hare  the  rate 
of  alternation  high  enough  so  that  a  given  point  remains  in  the  field  for 
several  complete  cycles  of  this  comparison.  This  constitutes  a  precaution 
to  be  observed  in  equipment  design. 

An  estimate  of  this  rate  can  be  made  if  it  is  supposed  that  the  vehicle 
is  moving  over  level  ground  with  a  velocity  T,  that  the  vertical  beaawidth 
of  the  sensor  is  that  the  depression  angle  isc d  ,  Then  a  point  on 


7*4 


the  terrain  renains  in  the  field  of  view  for  shoot 


t,  seoonds. 

*■  otT 

If  it  is  desired  to  produce  nj.  slteraatioae  of  the  position  of  the 
chopper  in  this  tine,  the  rate  st  which  these  oust  be  produced  is 

iuoCV 

eASMMS 
(^2  ® 


per  second.  For 
OC.  =  0,114  radian 
V  «=  88  feet/second  (60  eph) 
nX  ®  5 

* 

0)2  «  6.8  X  10  radians 
R  *=  44  feet, 

the  alternations  of  position  should  occur  at  a  rate  of  168  per  second. 
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TRI ANGULATION  TRACKING 


The  next  ranging  method  to  he  considered  is  a  method  of  triangulatloa. 
A  narrow  beam  of  light  (which  may  be  modulated  for  purposes  of  coding)  is 
projected  directly  forward  and  slightly  downward  from  a  source  on  one  side 
of  the  vehicle.  The  spot  on  the  terrain  Illuminated  by  this  beam  is 
observed  by  a  tracker  mounted  on  the  opposite  side  of  the  vehicle.  This 
tracker  is  designed  to  measure  the  angle  between  a  reference  asimuth  asd 
the  line  of  sight  to  the  spot.  When  the  range  to  the  ground  changes,  this 
angle  also  changes,  resulting  in  a  different  measured  angle  and  a  different 
output  from  the  tracker. 

The  questions  to  be  answered  about  such  a  system  are  1)  What  angular 
accuracy  .mist  the  tracker  have?  2)  Is  it  possible  to  obtain  a  signal-to- 
uoisc  ratio  great  enough  to  achieve  this  accuracy?  3)  What  additional 
practical  considerations  are  involved?  4)  What  is  the  equipment  complexity? 


The  tracking  accuracy  required  of  such  a  system  can  be  estimated  from 
Figure  20,  where  S  represents  the  source,  T  the  tracker,  R  the  range  to 
the  terrain,  0  the  measured  anglo  to  the  illuminated  spot,  and  W  the 
distance  between  the  source  and  tracker.  Then 


6  “  tan'"1 

R 


0 
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For  W  «  5  feet,  R  *  44  feet,  end  dR  -  2  inches  (tits  required  react 
Accuracy), 

|  i3  (  -  .42  X  10"4  radian. 

This  constitutes  the  required  tracking  accuracy}  it  is  within  the  state- 
of-the-art  of  conventional  optical  trackers. 

The  slgnal-to-noise  ratio  required  to  achieve  this  accuracy  depend# 
on  the  total  field  of  view  the  tracker  must  possess.  This  can  bo  estimated 
by  placing  limits  on  the  range  to  the  terrain  with  which  the  system  must 
cope.  For  example,  if  R  varies  between  100  feet  and  25  feet,  the  change 

in  $  is 

A  Q  30  &  0  ■  tan"1  -L  .  tan""1  — — - 

25  aiOO  25  100 

=  147  X  10~3  radian. 

Thus,  over  the  total  field,  the  tracker  must  detect  a  change  of  one  part 

i:i  .  =  350  if  the  tracking  head  is  fixed  with  respect  to  the  vehicle. 

<»42 

(If  the  head  is  allowed  to  move,  this  may  be  reduced  at  the  cost  of 
increased  complexity.)  This  value  represents  the  approximate  sigoal-to- 
uc.lsc  ratio  necessary  for  tracking  over  the  required  field  to  the  required 

degree  of  accuracy. 
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The  signal-to-noise  ratio  which  May  be  attained  by  each  a  aye  tan  can 
be  calculated  directly  from  data  given  previously.  Let 

“  Power  returned  frcn  the  target  area  ae  a  result  of  illteri nation 
by  the  transaitter. 

Ej,  “  Power  collected  as  a  result  of  ambient  illumination  of  the  terrain. 

P  “  Multiplier  phototube  noia e-e qui valent  power. 

It  it  shown  in  Appendix  B  that  when  is  large  (this  represents  the 
worst  case  for  such  a  system),  typical  multiplier  phototubes  have  a  noise- 
equivalent  power  given  by 


P  a 


-18 


1/2 


5,3  110  B,, 


Also,  it  is  clear  that  the  signal-to-noiae  ratio  is  simply  E^/P  7  2B,  where 
B  is  the  required  system  bandwidth.  In  the  discussion  of  the  active  c-w 
ranger,  values  of  and  Eb  were  computed  for  the  field  of  view  required  by 
the  sen3ar  (22.7  milliradians  horizontal  beanwidth  and  6.8  milliradians 
vertical  beamwidth)  end  for  a  source  and  collector  (tracker)  aperture  of 
125  cm2,  and  a  multiplier  phototube  with  an  S-20  cathode: 


Et  =  1.49  X  10“7  watt* 
Eb  =  4.43  X  loT5  watt 


"•  A  factor  of  2  Yl  lias  been  introduced  to  convert  peak-to-peak  radiation 
fluctuations  to  rmc,  sinco  ths  transmitted  beam  must  be  modulated  for 
background  discrimination. 


( 
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Hence  P  »  1.53  X  10”13  watt*  For  a  ays  tea  bandwidth  B  *  25  ops,  the  signal- 
to-noise  ratio  is 


S/K  - - - «  1.38  X  103 

1.53  X  10“U  7rS0* 

This  signal-to-ndse  ratio  is  adequate  for  achieving  the  required  tracking 
accuracy. 

It  is  now  necessary  to  consider  the  nature  of  the  target  which  is  to 
be  tracked.  This  target  is  a  portion  of  the  terrain  which  lies  about  44 
feet  ahead  of  the  vehicle  and  is  illuminated  by  &  beam  22.7  sdlliradians 
wide  and  6.8  milliradian  high.  Figure  21  illustrates  the  geometry  when  the 
vehicle  is  located  on  a  perfoctly  level  surface.  In  this  figure  the 
illuminating  source  is  located  on  one  side  of  the  vehicle  and  projects  a 
beam  directly  ahead;  the  tractor  is  located  on  the  other  side  and  measures 
the  angular  location  to  the  illuminated  patch.  In  order  to  describe  the 
appearance  of  this  patch  of  terrain  as  seen  from  the  tracker,  we  may  imagine 
it  to  bo  projected  on  a  plane  located  at  the  target  and  perpendicular  to 
the  3.iac~of -sight  from  the  tracker.  It  then  appears  to  be  approximately  a 
parallelogram,  as  suggested  in  Figure  21,  having  a  length  of  about  1  foot 
and  a  height  of  0.3  foot.  The  short  sides  make  angles  of  about  45°  with 
the  base. 


A  2-inch  change  in  the  range  to  the  terrain,  shifts  this  target  laterally 
by  0.02  foot.  (This  shift  is  calculated  from  the  range  to  the  target  and 
the  angle  of  0.42  X  10‘"3  radian  previously  shown  to  correspond  to  the 
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figure  ZO  ■’ racket  Geom  e  t ry 


Figure  ZI  Illuminated  Rortiort  of  Terrain  as 
See/r  by  Tracker. 


2-inch  range  change. )  This  ration  of  the  target  is  shown  in  dotted  lines  in 
Figure  21.  Zt  is  Immediately  obvious  that  in  practioe  a  great  deal  of 
difficulty  will  be  experienced  in  detecting  this  shift,  because  variations 
in  the  reflectivity  of  the  terrain  will  cause  mnoh  greater  shifts  in  the 
apparent  center  of  the  target  patch  than  the  range  shift.  Thus  the  system 
does  not  appear  attractive  from  this  standpoint. 

A  final  consideration  is  that  of  equipment  complexity.  Zt  should  be 
observed  that  this  technique  requires  four  optical  systems  (two  sources  and 
two  trackers)  to  cover  both  tracks  of  the  vehicle,  and  that  the  source  and 
corresponding  tracker  must  be  mounted  in  separate  locations  on  the  vehicle, 
thus  contributing  to  the  installation  problem. 


TRIANOTLATION  TRACKING  USING  CORRELATION 

A  different  form  of  triangular  tracking  has  been  considered  which  gives 
promise  of  eliminating  the  principal  defect  of  the  previous  technique.  This 
defect  is  the  difficulty  with  conventional  trackers  in  measuring  a  small 
shift  in  a  large  object  (in  this  case  the  field  of  view  of  the  system)  when 
the  received  intensity  distribution  over  the  target  may  not  bo  uniform.  In 
the  system  to  be  considered  now,  the  range  to  the  terrain  is  determined  by 
av.toiK.uic  triangulation  which  is  accomplished  by  looking  at  the  terrain 
ahead  of  the  vehicle  with  two  separated  sensors.  The  system  is  passive 
rather  than  active,  i„c.,  no  source  of  energy  is  required  for  normal 
daylight  operation.  One  3ensor  is  fixed  with  respect  to  the  vehicle 
(ignoring  stabilisation  for  the  moment).  The  second  functions  as  a  tracker 
and  directs  itself  until  its  field  of  view  coincides  with  that  of  the  first. 


82 


The  angle  batman  the  two  lines  of  sight  then  gives  the  distance  to  the 
terrain. 

The  principal  problea  to  be  solved  in  the  design  of  snch  a  ranging 
device  is  the  deteradLnation  of  the  coincidence  of  the  fields  of  view  of  the 
two  sensors.  Obviously  if  the  field  contained  only  one  snail  bright  point, 
this  would  be  rather  easy,  bat  the  actual  fields  of  view  will  be  patches  of 
terrain  filled  with  various  amounts  of  snail  detail. 

A  possible  approach  to  this  problea  of  recognising  the  coincidence  of 
the  two  fields  of  viev  is  provided  by  sone  experiments  recently  performed 
at  Emerson  Electric.  In  these  experiments,  an  object  plane  having  some 
detail  was  inaged  on  a  rotating  chopper  which  bore  a  random  pattern  of  spots. 
The  waveforms  resulting  from  rotating  the  chopper  were  examined  as  the 
object  plane  was  moved.  It  was  found  that  the  correlation  between  the 
waveforms  resulting  from  different  positions  of  the  object  plane  was  a 
smooth  function  of  displacement,  being  largest  for  small  displacements  and 
approaching  zero  for  large  displacements.  This  provides  a  way  for  compering 
the  field  of  view  of  the  two  sensors:  identical  synchronized  choppers  can 
be  used,  and  the  waveforms  produced  compared.  When  the  correspondence  between 
the  v/aveforms  is  a  maximum,  the  two  sensors  have  nearly  the  same  field  of 
view. 


The  signal  levels  availablo  in  such  a  system  are  large  compared  to 
those  which  v/ore  obtained  in  the  system  discussed  earlier,  because  the  level 
of  natural  illumination  is  greater  than  can  be  obtained  with  the  source  used 
in  the  active  system.  To  show  this,  we  may  use  information  developed  in 
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the  study  of  the  active  c-v  rangefinder#  In  the  present  case#  the  signal- 
to-noise  ratio,  S/N  is  given  by 


S/tt 


»  gb 

P  ITW 


I 


where  m  is  the  fractional  modulation  of  the  field  produced  by  the  chopper. 
For  the  values  previously  quoted  (which  correspond  to  the  field  of  view  of 

O 

the  system  and  for  an  aperture  of  125  cm  ,  and  for  a  terrain  illumination 
of  11,000  foot  candles)  we  find  that  if  m  °*  0.01,  and  B  ••  25  cps,  the 
aignal-to-noi3e  ratio  is  about  4000. 


Under  lower  levels  of  illumination,  the  signal' <to-noise  ratio  falls 
as  the  square  root  of  the  illumination;  for  100  foot  candles,  the  signal- 
to  noise  ratio  is  approximately  380. 


This  system  has  tiro  advantages  of  being  passive  and  of  having  large 
signal  !e~ols  available,.  It  has  the  disadvantages  of  requiring  a  baseline 
to  bo  established,  thus  increasing  the  installation  problem,  and  of  possibly- 
needing  four  sensors  (two  for  each  track)  although  these  might  be  combined 
in  pairs  to  reduce  the  number,  la  addition,  the  technique  is  new  and  untried, 
fttid  so  might  require  a  sonevhat  longer  development  time. 

Us:  si  v;/;::Gf2?iK])iN0 

The  fifth  optic?!  method  which  has  been  considered  for  ths  torrain 
oO-'sor  PP'.J c  ■  v j. o? !  m  too  use  nf  a  laser. 
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In  sons  respects  calling  this  a  separate  ranging  technique  is  not 
correct,  since  the  laser  may  be  thought  of  as  an  energy  souroe  which  nay  be 
used  with  any  of  tin  ranging  techniques  which  have  been  examined  during  the 
course  of  this  study.  However,  the  laser  does  permit  pulsed  operation,  and 
represents  the  only  known  souroe  of  optical-wavelength  energy  which  Is 
effective  in  this  fora  of  operation.  Therefore,  aside  from  its  possible 
use  to  replace  s  conventional  source,  the  later  has  been  considered  for 
use  as  a  pulse-type  of  rangefinder. 

Since  a  number  of  laser  rangefinders  have  already  been  developed,  the 
study  of  the  laser  ranging  technique  has  been  restricted  to  an  examination 
of  practical  considerations  involved  in  their  use.  Only  the  present  state- 
of-the-art  has  been  considered,  since  it  seems  desirable  to  consider  a 
device  which  is  feasible  at  the  present  time.  Future  improvements  in  the 
laser  may  be  expected  to  remove  most  of  the  practical  difficulties  in  their 
use. 


Hie  following  factors  may  be  considered:  reliability,  available 
bandwidth,  beamwidth,  accuracy,  security,  bulk,  and  power  requirements. 
Reliability  ~  at  the  present  time,  the  laser  has  not  been  tested  under  a 
variety  of  environmental  conditions,  and  so  its  durability  under  prolonged 
and  rapid  pulsing  is  not  known.  It  may  compare  favorably  with  other 
optical  components. 

bandwidth  -  as  shewn  previously,  the  terrain  sensor  requires  a  bandwidth 
of  at  least  11  cps  if  this  is  the  only  source  of  range  error.  This  band¬ 
width  require 3  a  minimum  pul3e  repetition  rate  of  22  pulses  per  second 
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from  the  laser.  At  the  present  tine  the  highest  rate  we  have  found  for  a 
coemrcially  available  laser  is  10  pulses  per  second.  It  is  likely  that 


this  rate  will  be  increased,  of  course. 

t  a 

Bcaawidth  -  laser  besowidths  are  at  present  between  10~  and  S  X  10 
radian  wide.  Optical  techniques  would  allow  the  required  tracker  beaawidth 
to  be  obtained. 

Accuracy  -  the  accuracy  of  a  pulses  laser  rangefinder  depends  on  the  thee 
resolution  of  the  system,  and  is  independent  of  the  absolute  range.  The 
required  range  resolution  of  2  inches  represents  a  round-trip  time  increment 
of  0,33  X  lO"9  second.  This  tine  resolution  is  rather  difficult  to  achieve. 
Security  -  pulsed  laser  systems,  being  active,  are  inherently  less  secure 
than  passive  systems,  but  the  narrow  spectral  bandwidth  involved  makes  then 
more  secure  than  other  active  systems. 

Bulk  -  the  commercial  laser  producing  10  pulses  per  second  requires  a  desk- 
typo  console .  This  volume  can  certainly  be  reduced;  however,  present  laser 
equipments  are  rather  bulky. 

Power  requirements  -  the  power  required  for  a  laser  rangefinder  is  somewhat 
greeter  than  that  required  for  more  conventional  devices,  but  does  appear 
to  bo  within  the  capability  of  military  vehicles. 

It  is  concluded  that  the  use  of  a  pulsed  laser  rangefinder  for  the 
terrain  sensor  requires  advancing  the  present  state-of-the-art  in  several 
directions . 
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STABILIZATION  AND  COMPUTATION  REQUIREMENTS 


ASSUMPTIONS 

The  stabilization  and  computation  requirements  for  the  terrain  aeaaor 
have  been  studied  within  the  framework  established  by  the  following 
assumptions : 

1)  Two  optical  terrain  sensors  measure  the  range  to  points  on  the 
terrain  ahead  of  the  vehicle  along  the  paths  to  be  followed  by 
the  wheels  or  tracks .  Whether  the  sensors  operate  by  active  or 
passive  means  is  not  important  in  establishing  stabilisation  and 
computation  requireawntSc 

2)  The  desired  performance  characteristics  of  the  sensor  in  terms  of 
the  terrain  information  which  is  needed  are  as  follows: 

a)  The  terrain  height  is  to  be  measured  to  an  accuracy  of 

lus  or  minus  2  inches. 

b)  The  nominal  distance  from  the  sensor  to  the  measuring 
point  ou  the  terrain  ahead  of  the  vehicle  is  44  feet. 

c)  The  maximum  velocity  of  the  vehicle  is  50  miles  per  hour, 

STABILIZATION  PROBLEMS 

Errors  in  Terrain  Coordinates  due  to  Error  in  Depression  Angle.  Range 
Measurement,  and  Sensor  Elevation  Above  the  Terrain 

Figure  22  shows  tile  various  parameters  used  in  the  measurement  of  the 
range  to  the  terrain.  As  will  be  shown  later  in  this  section,  a  norm 
complicated  representation  is  necessary  in  order  to  describe  continuous 
terrain  measurements.,  but  the  geesutry  of  figure  22  is  adequate  to  indicate 
the  degree  of  stabilization  required  for  the  sensor. 
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The  optical  sensor  is  positioned  at  point  A  on  the  vehicle*  at  a 
distance  a  above  the  terrain.  The  range,  K,  to  point  B  is  Manured  by  the 

sensor  with  an  error  of  R,  resulting  in  a  knowledge  of  the  terrain  at 
B,  with  respect  to  the  indicated  reference  level*  to  an  accuracy  of  Ay 
and  A  x. 


It  is  important  to  determine  to  what  accuracy  the  values  of  a  and  oC 
(the  depression  angle  of  the  sensor)  must  be  defined  by  the  stabilisation 
system.  Fran  Figure  22*  assuming  that  cXL  is  less  than  about  10°, 

y  *  a  4-  b  -  Roc  (12) 

*  R  (13) 

and  it  follows  that 

Ay~  Aa-f  Ab-R/K  -  (XAR  (14) 

where  the  deltas  refer  to  wall  changes  or  errors  in  the  various  parameters. 
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Assuming  the  following  values,  based  on  the  model  adopted  previously, 

R  ~  44  ft  «*  528  inches 

^  *  0.114  radian 

A  7  *  2  inches  (maximum  error) 

A  *  *  2  inches  (maxisoim  error) 
we  have 

4  a  -f  b  -  528  <*£  -  0.114  A  Rm  2  inches.  (15) 

Row  from  equation  13,  A  R  •>  -  2  inches41',  as  the  error  in  x  is  equal 
directly  to  the  error  in  R,  and 

■A  a  +■  4b  -  528  Aoc  a  1.77  inches. 

It  is  possible  to  arrive  at  some  estimate  of  the  three  quantities  A  a, 

A  b,  and  acC  ,  by  assuming  that  the  three  contribute  equally  to  the 
total  error  and  that  the  errors  have  a  Gaussian  distribution  such  that 

^ b  -  528  ACC  «  — ““ -  1.77  inches  a  i,02  inches  ras. 


Thus  ACC  ~  .0019  radian  *•  0.11  degree,  rtiS. 

Errors  in..  Terrain  Coordin.it.;n  due  to  Cant 

Figure  23  indicates  a  terrain  measurement  when  the  optical  sensor  has 
been  cmted  through  ah  angle  ^  from  the  vertical.  If  the  line  of  sight  is 
•aabiUzed  in  space,  and  if  the  terrain  is  level,  the  errors  in  the  terrain 

i'ho  minus  sign  is  used,  since  these  errors  are  considered  to  be 
independent  and  it  is  necessary  to  consider  the  worst  possible  case. 


SO 


determination,  A  y  and  A  x,  are  identical  to  the  errora  in  the  tensor 
position*  No  error  in  x  results  from  the  presence  of  decrees  of  esntt 

Therefore 

AT  •  2  a  sin  ((3/ 2")  sin  (3  (1?) 

-  2  a  sin  cos  (3  (18) 

For  |3  small,  2a  equal  to  120  inches,  and  A  j  equal  to  2  inches, 
equation  (1?)  becomes 


and  (3  a  0.182  rad  »  10.4  deg. 

Using  the  above  result  in  equation  18  gives 

Az  ~  120  x  .091  x  .984  »  10.7  inches 

The  above  error  in  the  s  direction  is  somewhat  large,  considering  the 
width  of  the  track.  For  a  2-inch  error  in  z,  |3  is  approximately  2  degrees. 

If  the  sensor  is  pitch-stabilized,  rather  than  space  stabilized,  the 
allowable  cant  error  can  be  greater  than  this  under  same  conditions.  For 
cx.Mi.plc ,  if  the  sensor  is  mounted  directly  over  the  wheel  or  track,  the 
cant  aids  of  each  searor  tends  to  be  at  ground  level,  and  in  this  case  on 
relatively  level  terrain  the  error  produced  by  cant  is  negligible. 

i!.ry  of  Stabilisation  Problem 

in  sucjcary,  the  following  is  a  list  of  the  allowable  stabilization 

errora : 
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1)  The  r.m.  s.  error  ia  the  elevation  of  the  optical  sensor  above 
the  terrain,  A  a  »  l.o  inch. 

2)  The  r.a.  s.  error  in  the  vertical  reference  level,  A  b  m  1.0  inch. 

3)  The  r.a.  a.  error  in  the  terrain  sensor  depression  angle, 

AflC  s  0.11  deg. 

4)  The  maximum  allowable  angle  of  cant  of  the  terrain  sensor, 

|3  »  2  deg. 

COMPUTATION  REQUIREMENTS 

The  process  of  computing  the  terrain  profile  froa  range- to- the- terrain 
measurements  made  by  the  optical  sensor  is  not  complicated,  but  it  is  not 
completely  straightforward,  either.  This  computation  process  should  be 
distinguished  from  the  computation  required  before  the  active  suspension 
system  can  make  use  of  the  terrain  profile  data.  In  practice,  of  course, 
it  may  be  desirable  to  combine  the  two  processes. 

The  computation  of  terrain  profile  fr«u  raoge-to-terrain  measurements 
depends  to  some  extent  on  the  desired  output,  of  course.  Here  it  is 
supposed  that  the  active  suspension  system  has  &  certain  short  reaction 
time,  t  ,  and  that  the  output  of  the  sensing  and  computation  process  is  to 
be  the  difference  between  the  elevation  of  the  terrain  where  the  vehicle 
presently  is,  and  the  elevation  there  the  vehicle  will  be  the  short  time 
tr  seconds  later.  This  continuously  generated  difference  tells  the  active 
suspension  system  how  ouch  and  in  what  direction  to  act. 

“ystcas  for  deriving  other  outputs  are  not  considered  in  this  section, 
but,  if  necessary,  other  quantities  can  be  obtained  by  modifications  of 
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the  technique  described.  For  example,  a  frequency  analysis  of  the  profile 
generated  can  be  used  to  measure  "roughness*  aeoordiag  to  a  predetermined 
standard,  and  the  output  can  be  need  to  adjust  the  vehicle  speed  or  the 
stiffness  of  the  suspension  system. 

The  computation  process  which  is  described  here  proceeds  as  follows: 
The  range-to-the  terrain  is  measured,  and  the  vertical  and  horizontal 
coordinates  of  the  terrain  with  respect  to  the  vehicle  are  determined 
from  this  measurement.  As  the  vehicle  travels  over  the  terrain,  it  moves 
up  and  down,  and  this  motion  must  be  subtracted  from  the  measured  vertical 
terrain  coordinates  computed  from  range -to- terrain  measurements.  This  is 
accomplished  by  determining  the  actual  vertical  motion  of  the  vehicle  with 
an  (integrating)  accelerometer  mounted  on  the  vehicle ;  the  accelerometer 
is  part  of  the  data  reduction  process  rather  than  the  terrain  sensor,  and 
only  short-term  accuracy  is  required  of  its  output.  This  computation 
process  is  considered  in  detail  below. 

Definition  of  Parameters 

The  many  symbols  required  in  the  discussion  of  the  computation  method 
arc  listed  ia  the  following  table*  Many  of  these  quantities  aro  called 
out  in  Figure  24.  Hote  that  most  of  these  quantities  are  functions  of  time, 
a  -  She  height  above  the  terrain  of  the  terrain  sensor,  along  the 

direction  of  gravity.  The  position  of  the  sensor  is  assumed  to  be 
above  the  front  point  of  contact  of  tho  vehicle  track  or  wheels  and 
the  terrain. 

b  -  The  difference  between  the  actual  terrain  elevation*  and  the 

elevation  ao  measured  by  the  accelerometer  and  attendant  circuitry. 

*  Above’ s'oao 'absolute  reference  level. 
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the  nine  of  b  is  a  slowly  varying  function  of  tine*  but  any  beooae 
large  for  large  change*  la  terrain  elevation. 

OC  -  The  depression  angle  of  the  optical  sensor.  It  is  measured  in  the 
vertical  plane  and  is  die  angle  between  horizontal  and  the  directi on 
through  which  the  senior  is  pointing. 

x  -  The  coordinate  of  the  terrain  along  the  horizontal  measured  from  the 
present  position  of  the  vehicle,  positive  in  the  direction  of  motion 
of  the  vehicle* 

y  -  The  measured  vertical  coordinate  of  tho  terrain,  positive  upward. 
Values  of  y  are  primed  when  referring  to  those  obtained  from  the 
optical  sensor  measurement.  They  are  unprimed  when  obtained  from 
the  accelerometer. 

a  -The  range  to  the  terrain  ahead  of  the  vehicle  measured  along  the 
direction  that  the  optical  sensor  ie  pointing. 

tc  •The  time  to  contact.  Thi3  is  the  time  between  the  measurement  of  a 
point  on  the  terrain  and  the  arrival  of  the  vehicle  at  that  point. 

It  is  equal  to  the  distance,  x,  to  this  point  divided  by  the  average 
velocity,  v,  of  the  vehicle  between  the  measurement  and  the  time  of 

contact. 

tr  -  Reaction  tine  -  the  tine  required  by  the  suspension  system  to  react 
to  the  terrain  change  being  fed  to  it.  This,  in  general,  is  s 

fixed  period. 

y’  ">  Tho  change  in  terrain  elevation  experienced  during  a  time  ty. 

Cementing  Equations 

Figure  24  shows  the  geometrical  relationships  for  making  continuous 
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24-  /Parameters  6/seet  rer  7erra<f>  Measuremeaf 


terrain  Measurements*  This  information  is  stored  and  presented  to  the 
suspension  system  at  the  proper  time*  la  figure  24,  the  vehicle  is 

assumed  to  be  at  a  position  on  the  terrain  corresponding  to  the  time  tj. 

At  this  time,  the  optical  sensor  is  measuring  the  range  R(t2).  Other 
quantities  that  are  being  measured  at  tine  t2  are  the  values  OC(t2)  and 
a(t2).  The  velocity,  v(t2),  of  the  vehicle  is  also  being  monitored. 

s  e 

The  remaining  measured  quantity  it  the  value  y  ,  the  vertical 
acceleration  of  the  front  part  of  the  vehicle  as  it  passes  over  the  terrain. 
The  value  of  acceleration  may  be  measured  by  an  accelerometer  mounted  near 
the  axle  of  the  front  wheel  of  the  vehicle.  The  necessity  for  the  use  of 
this  method,  independent  of  the  optical  sensor,  to  sense  the  present 
instantaneous  terrain  profile,  will  be  apparent  later. 

Also  shown  in  figure  24  is  a  measurement  of  range  to  the  terrain  made 
at  an  earlier  time,  t^.  This  time  has  been  chosen  in  such  a  way  that  at 
timc  the  value  of  A  y|  is  just  being  fed  to  the  suspension  system. 
This  value,  A  y|,  is  the  difference  between  the  terrain  elevation 
computed  at  time  t^  and  designated  as  j  (t^  +  t£^)  and  the  value  of  the 
terrain  which  had  been  measured  at  a  somewhat  earlier  time  tQ  and  which  is 
designated  as  y’(t0+  tc<)),  where  (t0  -f-  tc<>  +  tr)  =  (tj*  tcl). 

The  equations  necessary  for  the  calculations  are  obtained  as  follows, 

(referring  to  figure  24): 

::(t)  «  u(t)  cos  0C(t)  -  R(t)  (19) 

for  oC  less  than  about  10  degrees. 
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(20) 


Now, 

r’(«*te)  f  b(tftc)  f  K(t)  OC  (t)  •  y(t)  4  b(t)  4  *(t)  . 

(la  figure  24,  when  t  •  ^  the  value  of  y(t2)  i»  negative. ) 

If 

b(tftc)  £  b(t),  (21) 

the  computing  equation  for  y'  becomes 

y’CtJ-t,.)  o  y(t)  4  a(t)  -  R(t)  OC  (t).  (22) 

Note  that  the  slowly  changing  function  of  time  b(t)  doea  not  affect  the 
accuracy  of  the  computation. 

The  factor  y(t)  is  the  terrain  elevation  as  measured  by  the  accelerometer 
and  essentially  integrated  twice,  at  time  t.  Since  it  is  necessary  to  measure 
the  terrain  profile  ahead  of  the  vehicle,  to  store  this  information,  and 
to  use  it  at  the  proper  time,  it  might  be  thought  that  the  value  of  y(t) 
could  be  obtained  from  this  stored  data,  thus  eliminating  the  use  of  the 
accelerometer.  This  would  be  feasible  if  all  the  measurements  and 
computations  were  error-free.  However,  analysis  shows  that  errors, 
although  small  for  any  particular  range  measurement  and  profile  calculation, 
would  accumulate  after  a  period  of  time  and  the  system  would  not  work. 

Thus.,  it  is  necessary  to  have  oa  independent  measure  of  the  past  terrain 
profile.  A  rate  measuring  device  could  also  perform  the  required  function. 

It  would  id  eld  the  value  y  from  which  the  value  y(t)  could  be  obtained. 


Method  of  Computation 

Figure  25  shows  schematically  the  method  of  computing  continuously  the 

terrain  profile  which  is  fed  to  the  suspension  system.  The  computation 
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that  is  represented  corresponds  to  the  tine,  t2,  as  shewn  in  the  gtenstry 
of  figure  24. 


The  output  of  the  range  sensor  t(t2)  is  smoothed  through  a  low-pass 
filter  to  produce  a  asoothed  or  average  value,  as  designated  bjr  It  (t2)> 

The  actual  output  of  the  optical  range  sensor  will  give  such  a  smoothed 
value  because  of  the  finite  electrical  bandwidth  of  the  sensor  electronics 
as  well  as  the  optical  beamddth  of  the  senser. 

The  values  of  DC.  and  a  are  shown  as  outputs  frost  transducers. 
Stabilization  will  tend  to  hold  these  to  constant  values. 

The  output  of  the  accelerometer,  *y  (t2)>  is  passed  through  two  low-pass 
filters,  yielding  the  result  y(t2).  Passing  the  accelerometer  output  through 
two  integrators  and  two  high- pass  filters  is  equivalent  to  this  use  of  two 
low  p?.33  filters.  This  can  be  shown  very  simply  by  using  Laplace  transform 
notation,  as  follows: 

integrator  x  integrator  z  high-pass  x  high-pass  = 

filter  filter 

1  x  1  x  a  s  _  1 

5  5  <Ofs  ‘V+3 

and 

low-pass  X  low-ps.ss  a  _i_  X  -A-  = 
filter  filter  <d-f-s  &>-fs 


(<J+s)2 
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The  value  of  jr(tj)  obtained  tram  the  integrator  followed  bjr  two 

lov-pass  filters  that  corresponds  to  the  doable  integration  of  f  (t2) 
and  the  use  of  two  high-pass  filters,  so  that  the  resultant,  j^tj),  follows 
the  rapid  fluctuations  of  the  terrain  bat  not  the  slow  fluctuations. 


Solution  of  the  computing  equations,  19  and  22,  results  in  the  value 

of  *'(*2  i  te2)  tor  *e  measurement  made  at  tins  t2„  This  is  read  into  a 
storage  element,  which  nay  be  digital  or  analog.  It  ia  shown  in  figure  25 
as  a  rotating  drum.  The  terrain  elevations  jr'ttj^  +  t^)  and  y'(t0  ♦  tCo), 

where  t2  +  tr  «  tQ  +  tc<>  +•  t,.  »  tj  +  tCl  (fron  which  a  ie  ccuputed 
for  the  suspension  ays tea),  mist  at  the  same  tine  be  read  froa  storage. 

This  is  accomplished  as  follows: 

Oppose  that  r.a(t>  is  the  angular  position  of  the  input  head, 
y  out(t)  is  the  angular  position  of  the  readout  head  which  gives  the 
stored  value  of  y^tj)  corresponding  to  the  present  position  of  the  vehicle, 
and  is  the  rotational  speed  of  the  druau  If  y'(t2)  was  entered 

at  tine  tQ  <■«  t2  -  tc  , 


'  ^(t)  dt  —  Y  (t-) 

out  A 


Also,  if  the  vehicle  itself  is  considered,  ta  and  t,  must  be 

related  by 


v(t)  dt  x(t0). 
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These  two  equations  can  be  satisfied  If 
U( t)  *  *<t), 

7out<*>  "  0 

7ia^^  25  '**(*)• 

Now  let  (5  (t)  be  the  angular  position  of  a  second  readout  head 
which  gives  the  value  of  y'(t  +  tj.)  which  correspond a  to  the  vertical 
coordinate  of  the  terrain  which  will  be  encountered  tj,  eeconde  frost  the 
present  tine  (y"(t2  +  t,.)  was  read  in  at  tins  t^„)  it  is  neeeaeaxy  that 

(t>  - 

U(t) 

since  it  oust  be  assumed  that  the  vehicle  will  more  with  constant  velocity 
during  tiaw  tr«  Thus  Yont^  “  0(b)  *  V  U(t),  or  from  the 

previous  expressions 

(5  (t)  ss  -  tr  v(t)„ 

Thus  the  storage  drum  which  has  been  used  as  a  model  to  discuss  the 
storage  requirements  has  the  following  characteristics : 

3o  The  drum  turns  with  angular  velocity  proportional  to  vehicle 

velocity, 

2.,  Tlio  readout  head  giving  present  terrain  elevation  is  fixed, 

3„  The  angular  displacement  between  thi3  readout  head  and  the 


7 


readout  head  giving  terrain  elevation  tr  seconds  in  the  future 
is  proportional  to  the  horizontal  velocity  of  the  vehicle. 


4.  The  angular  displacement  between  the  first  readout  head  sad  the 
readin  head  at  any  instant  in  proportional  to  the  computed 
horisontal  eoerdiaata  of  the  terrain  being  viewed  at  that  instant* 

In  the  preceding  discussion  it  has  been  assumed  that  the  accelerometer 
has  been  noon  ted  on  the  axle  to  measure  y(t) ,  and  that  the  distanoe  between 
this  point  and  the  sensor,  a(t),  is  also  measured  continuously.  Inspection 
of  the  computing  equations,  19  and  22,  shows  that  or  Ay  the  sum  y(t)-f  a(t) 
is  used,  and  that  thea«  quantities  are  not  separately  required.  Thus  the 
system  can  be  somewhat  simplified  by  moan  ting  the  accelerometer  at  the 
sensor  and  integrating  its  output  to  obtain  the  sum  y(t) +  a(t).  This 
has  the  following  effects  on  the  system.  First,  one  measurement,  a(t),  is 
eliminated.  Second,  the  senaor-plua-accelerometer  becomes  a  self-contained 
package,  which  simplifies  installation.  Third,  since  the  suspension  system 
prevents  some  variations  in  the  terrain  from  being  transmitted  to  the 
vehicle  hull,  the  accelerometer  has  smaller  variations  to  measure,  and  so 
a  given  percentage  error  yields  a  lesser  total  error.  This  system  is 
considered  to  be  the  simplest  and  most  effective,  and  is  recommended. 
However,  for  completeness  the  system  including  measurement  of  a(t)  is 
analyzed  below. 

Computing  Errors  and  Circuit  Parameters 

For  equation  21  to  hold,  the  dashed  line  in  figure  24,  which  is  the 
terrain  profile  as  measured  by  the  system,  wist  follow  the  actual  terrain, 
but  thin  is  only  essential  for  rapid  changes  in  the  terrain.  Thus  the 
following  requirements  arc  placed  on  the  valnes  of  y,  as  measured  by  thm 
lccolercsKetcr:  102 


1,  It  oust  not  reapoad  to  alow  change*  in  the  terrain,  this  la  ud* 
eridant  by  referring  to  figure  24.  At  tone  initial  time,  tft,  the 

vehicle  was  at  a  auch  lower  elevation.  If  the  value  of  y, 
obtained  from  the  aeceleroneter  were  truly  integrated  twice,  the 
value  of  y  would  be  increaaed  to  e  large  autgnitude  resulting  in 
too  great  a  dynamic  range  of  y  for  the  equipment  to  handle. 

2.  The  measured  value  of  y  must  reapoad  to  rapid  changes  in  the 
terrain,  to  give  the  required  accuracy  for  the  calculation  of  y*. 

The  above  requirements  may  be  adequately  handled  by  passing  the  output 
of  the  accelerometer  through  tiro  low  paso  filters.  This  section  discusses 
the  feasibility  of  the  use  of  an  accelerometer  and  attendant  circuitry  to 
provide  the  necessary  system  inputs  within  the  required  accuracy  of  the 
terrain  profile. 

Ramp  Function  Terrain.  Figure  24  shows  the  terrain  increasing  up  a 
long  slope  from  time  tQ.  Assume  that  the  terrain  input  to  the  accelerometer 
is  a  ramp  function,  (y  ~  kx)»  whose  Laplace  transform  is  •— .  The  output 
y  through  the  accelerometer  and  double-timc-constant  low-pass  filter  is 


r- 


U)o  +/L  LOo  +A* 


aid 


„  —  -tO.X 

s  -axe 

Let  y  (sec  figure  24) 

pk 

changes  in  the  terrain, 
fcarininm  value  yields 


(23) 

be  the  maximum  value  of  y  for  a  response  to  alow 

Differentiating  equation  23.  and  solving  for  the 
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eu)» 


(24) 


Thus  bjr  proper  choice  of  the  time  com  tent  of  the  low-pass  filter, 
the  value  of  can  be  controlled. 


Slnewave  Terrain.  Kent  as 
sine wave,  such  that 


that  the  terraia  la  in  the  shape  of  a 


»  yL  sin  ^  x  where  j(3  -  2  Tr  .  f  or  x  >  0 


y  «  0 


for  x  ^  0 


so  that  is  the  wavelength  and  jr^  is  the  peak  amplitude.  The  output 
through  the  accelerometer  and  double-tiaie -constant  filter  is 


7  ~  cC  [  x 


U)»  +A  aJt 


i — 7 

,*Au  J 


r"  L4jtify*£ _ ] 


and 


71 


/  -  V  ^  (p>  e 


~  U)mX 


’.Acre  w  2  tan”1  (  /  OJJ  . 


(25) 
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Consider  only  the  first  tens  of  equation  25  which  is  the  steady-state 


case4.  The  error  in  the  value  of  y  is 

A  7  *  7 1  sin  (  ^  x  *  IT  -  p  ain  j3  x 

if  ld01/  {3  «  /  .  (it  will  toe  seen  later  that  this  asemptioa 

Lb  valid.)  Hence  for  TT  -  small, 

&  7  _  (  TT  -  (P  )  cos  f3  x. 

^  ~  1 

The  above  error  is  a  mariuuiu  at  that  point  in  the  terrain  where 
cos  |3  x  equals  unity,  and  tie  have: 

A  y  _ 

J' 

Error  Tradeoff.  Consider  equations  24  and  26.  The  former  specifies 
the  maximum  allowable  value  of  y  for  slowly  increasing  (or  decreasing) 
terrain  elevation:  the  later  relationship  determines  the  maximum  error  in 
y  for  a  sinewave  terrain,  or  a  rapidly  changing  terrain.  They  are  both 
dependent  on  the  value  of  CO  Q.  Too  large  a  value  of  CO  0  will  keep 
7pj{  small,  but  \iill  result  in  too  large  a  value  of  A  y.  If  cO  Q 
is  decreased  to  minimise  A  y>  then  ypj,.  will  increase.  The  two 
equations  yield 

*  The  second  tern-,  of  equation  25  is  the  transient  term,  its  value 
is  neglected  for  the  purposes  of  these  calculations,  it  is  reported 
here  for  completeness. 


jjrr  -  2  tan' 


-1 


I3'  ".] 


(2b) 
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— .  m  TT  -  2  fewT1  (2  *ypk)  (27) 

fl  *1* 

This  equation  can  be  further  simplified  by  using  the  series  expansion 
for  tan-'*'  %: 


tan-1(x)  * 


Only  the  first  two  teres  are  important  in  this  application  as  x  1 
and  equation  27  becomes 


_£JL.  a  *1  m _  (28) 

n  ^pk 

Assuming  a  maximum  ramp  function  slope  equal  to  45°,  m  is  unity. 

The  above  equation  is  plotted  in  figure  26  for  various  value  of 

:<1  and  ypko  For  example,  from  the  graph,  if  ypJt  is  set  at  IQ3  inches, 

and  the  wavelength  of  the  siuevave  representing  the  terrain  is  20  ft., 
a  RduiB  of  3%  error  results  in  the  computation  of  y.  If  the 
allowable  error  is  2  inches,  the  value  of  y^  (the  height  of  the  hills) 
is  5c 6  ft.  -  certainly  a  large  value.  Actually  a  value  of  y  ^  equal  to 
10 3  inches  may  be  a  little  extreme.  Consider  the  adder  in  figure  24. 

It  should  compute  a  value  of  y  (t  t  )  to  an  accuracy  of  about  2 
inches.  Therefore  the  error  in  one  of  its  inputs,  y(t)  must  be  less 
than  2  inches,  and  c.  2-inch  error  in  a  maximum  of  103  inches  requires 
circuitry  accurate  to  0,25?  of  its  maximum  value.  However,  figure  26 


indicate 3  that  an  adequate  tradeoff  can  be  made  and  the  computing 
method  presently  visualised  can  be  instrumented. 
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^  n' 


Alternate. -Co«.i>t»t*UQtt  Techniques 


The  preceding  discussion  hoe  indies ted  that  one  of  the  basic  problem 
in  profile  computation  is  due  to  the  fact  that  measurements  of  the  terrain 
are  not  cade  at  n  uniform  distance  ahead  of  the  vehicle,  and  therefore 
profile  information  is  read  into  storage  at  a  variable  rate  that  is 
different  from  the  readout  rate.  This  section  discusses  alternate 
methods  of  solving  this  problem. 

The  first  solution  is  based  on  the  use  of  a  digital  storage  which 
contains  terrain  elevation  data  on  a  sequence  of  discrete  points  ahead  of 
the  vehicle.  If  these  points  are  closely  spaced  they  contain  adequate 
information  for  operation  of  the  active  suspension  system.  If  in 
addition  the  points  are  uniformly  spaced,  the  information  can  be  read  out 
at  a  rate  corresponding  to  vehicle  velocity  and  the  computation  process  is 
considerably  simplified.  Therefore  it  is  desirable  to  consider  the  process 
of  deriving  profile  information  at  a  set  of  points  spaced  uniformly  and 
closely  along  the  path  of  the  vehicle. 

As  shown  above,  a  particular  range  measurement  £(t)  yields  a  value 
of  terrain  elevation  y(t)  given  by 

y(t  •{•  tQ)  9*  y(t)  +  &(t)  —  R(t)c£.  . 

Let  X(t)  represent  the  horizontal  coordinate  of  the  terrain  point  being 
measured,  taken  from  an  origin  such  that  X(o)  =  x(o).  Then 

Z(t) 

o 


/ 


v(t)  dt  -  R(fc)  cos  cC 
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Here  (Tv  >  the  depression  angle*  is  assisted  to  be  fixed*  but  tile 
horisontal  Telocity  v(t)  stay  be  a  function  of  tine* 


Consider  the  problem  of  determining  the  value  of  y  at  a  set  of 
points  {x*}  such  that  f  AX  where  AX  is  a  wall 

fixed  separation.  Suppose  that  one  value  y*  y^*  has  just  been 
deterained  at  time  t^.  At  later  times  the  difference  between 
X  and  X^  is 


X(t)  -  XCtj)  - 


v(t)  dt  /•  R(t)  - 


J 

o 


v(t)  dt  - 


Thus  ,  the  tine  at  which  y^  is  to  be  found  by  sampling  y(t)*  can 
be  determined  from  tho  equation 


This  leads  to  the  mechanisation  of  the  process  shown  in  figure  27. 
F.(t)  and  v(r.)  are  added  and  integrated.  The  integrated  output  is 
craparcd  ’.:ith  a  AX  reference;  when  it  roaches  A  1  the  value  of  y(t) 
is  sampled  and  entered  into  storage,  and  the  integrator  output  is  zeroed. 
In  this  way  values  of  y  are  entered  into  storage  corresponding  to  values 
of  X  separated  by  fixed  increments  A X° 
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Aa  a  second  alternative,  consider  the  equations 


I(t)  ®  v(t)  dt  f  R(t)  cos  fcCft)] 

0 

y(tftc)  «  j( t)  f  *(t)  -  R(t)  sin[oc(t)]  , 

where  OC  ,  the  depression  angle,  has  been  written  as  a  function  of  tine* 
We  say  imagine  a  system  so  designed  that  as  the  vehicle  mores  over  the 

terrain  OC  is  varied  is  such  a  way  as  to  hold  R(t)  cos  icc(t) ] 
constant.  This  corresponds  to  tilting  the  sensor  head  automatically  in 
such  a  way  as  to  keep  the  measured  range  to  the  terrain  constant.  Then 

t 

X(t)  »  j  v(t)  dt  i  Xc 
o 

where  X£  “  R(t)  cosfbcCt)]  is  constant. 

y(tsf-tc)  =  y(t)  f  a(t)  -  Xc^CcC(t)} 

The  waveform  y(t4tc)  now  represents  the  terrain  contour  a  fixed  distance 
ahead  of  the  vehicle,  and  only  current  velocity  knowledge  is  needed  to 
gain  access  to  stored  information  at  the  right  time.  In  particular,  in 
the  constant  velocity  case  a  simple  fixed  delay  can  be  used  to  yield 
access  to  terrain  information  a  given  distance  ahead  of  the  vehicle. 
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CONSISTENCY  DETERMINATION 


Optimum  operation  of  the  terrain  sensor  system  requires  that  means 
be  provided  for  determining  the  consistency  of  the  terrain  tb  be  traversed 
and  of  the  obstacles  to  be  encountered*  It  is  clear,  for  example,  that 
the  suspension  system  must  react  differently  if  the  vehicle  encounters, 
say,  a  hard  rock  or  a  bush  of  approximately  the  same  sise  and  shape* 

Although  a  number  of  possible  approaches  may  be  postulated  to  this 
problem,  including  both  sonic  and  electromagnetic  methods,  the  one  that 
appears  to  hold  the  greatest  promise  of  both  successful  operation  and 
equipment  practicality  is  based  on  optical  techniques. 

That  this  is  a  reasonable  approach  can  be  seen  by  a  simple  experiment. 
Xf  various  types  of  terrain  and  obstacles  are  viewed  through  a  small  hole 
in  a  sheet  of  cardboard  held  at  arm's  length,  objects  are  seen  in  a 
restricted  field,  are  unrelated  to  their  surroundings,  and  cannot 
necessarily  be  distinguished  by  shape  or  outline.  The  human  observer 
is  nevertheless  able  to  make  a  highly  reliable  estimate  of  their 
consistency,  based  on  the  colors  of  the  objects  and  their  textural  patterns. 
Proa  the  studies  conducted  to  date,  it  is  reasonable  to  believe  that  an 
automatic  consistency  analyzer  can  be  based  on  the  same  approach. 


The  light  reflected  from  an  object  does  not  give  a  direct  indication 
of  the  consistency  of  that  object,  because  the  reflection  of  light  is  a 
surface  phenomenon,  while  the  consistency  is,  so  to  speak,  a  volume  phenomenon. 
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Hence,  in  order  to  uetendno  consistency  oy  the  use  of  reflected  optical 

radiation  it  is  necessary  to  classify  objects  which  may  be  encountered 
according  to  their  consistency,  and  then  attempt  to  discover  properties 
of  the  reflected  optical  energy  which  correlate  with  the  assigned 
consistencies . 

It  may  be  concluded  then,  that  the  determination  of  consistency  by 
means  of  reflected  optical  radiation  is  in  theory  feasible.  On  the 
other  hand,  the  mechanization  of  an  optical  energy  consistency  analyzer 
may  present  serious  practical  problems  unless  suitable  simple  means  of 
categorizing  obstacles  by  optical  means  can  be  discovered. 

The  first  step  in  investigating  this  requires  deciding  on  a 
consistency  terrain  model,  and  attempting  to  find  criteria  for  distinguishing 
between  hard  and  soft,  model  obstacles.  The  procedure  will  consist  of 
describing  typical  terrain  objects  and  surfaces,  and  of  using  available 
data  to  describe  how  energy  received  from  different  objects  differs. 

A  second  part  of  the  consistency  study  is  the  determination  of  the 
characteristics  of  terrain  from  available  reports.  Among  the  information 
that  would  be  desirable  is: 

1.  The  ar.ount  of  energy  received  from  the  terrain  in  the  visible  region. 

2.  The  spectral  reflectivity  of  different  types  of  terrain. 

3.  The  changes  in  these  with  changes  in  the  angle  of  view. 

'I.  The  ruacuat  of  energy  from  the  sun  falling  on  surfaces  under 
various  weather  conditions  and  times  of  day. 


5.  A  comparison  of  the  above  with  the  energy  available  front  a 
searchlight. 

CONSISTENCY  MODEL  OF  TERRAIN 

For  the  study  of  consistency  determination  it  is  desirable  to  specify 
a  few  types  of  terrain  and  terrain  obstacles  to  serve  as  a  aodel  for 
investigation. 

For  the  initial  investigation,  the  terrain  surface  has  taken  to  be 
level  or  undulating  and  composed  of  grass  or  clay.  The  obstacles 
considered  are: 


Obstacle 

ConsistencY 

1. 

Isolated  rock 

Hard 

2. 

Isolated  bush 

Soft 

3. 

Log  on  ground 

Hard 

4. 

Hedge 

Soft 

5. 

Stone  wall 

Hard 

6. 

Ditch  with  dirt  sides  and  bottom 

— 

7. 

Ditch  partly  filled  with  water 

-  - 

Each  obstacle  has  bean  put  into  one  of  two  consistency  classes  - 
hard  or  soft.  It  will  be  assuned  that  the  terrain  and  obstacles  nay  be 
either  dry  (except  for  the  water  in  the  ditch)  or  wet  as  they  would  be 
ianediatelj  after  a  rain.  In  addition,  it  will  be  considered  that  the 
terrain  nay  be  covered  with  snow. 
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It  has  not  been  possible  to  consider  several  important  types  of 

terrain  within  the  Halted  scope  of  the  study;  among  these  are  tall 
vegetation  such  as  high  grass,  corn,  grain;  cultivated  fields  in  which 
high  vegetation  nay  occur  in  regular  rows;  and  badly  broken  paving.  It 
appears  likely  that  soae  of  these  do  not  present  unique  probleas  and  can 
be  handled  if  the  first  set  of  obstacles  can  be  distinguished. 

One  other  soft  obstacle  night  be  considered  -  a  sound  of  earth  or 
aud.  This  has  been  discarded  as  an  obstacle  for  the  initial  study  because 
it  is  felt  that  if  the  vehicle  is  traveling  over  hard  ground  the  sound 
will  be  hard  and  constitute  part  of  the  undulating  terrain.  It  is  also 
supposed  that  a  sound  of  loose  earth,  which  would  be  a  soft  (or  perhaps 
more  properly,  a  seal-soft)  obstacle  does  not  naturally  occur  very  often. 

CGNSiSTEKCT  MEASUREMENTS 

We  now  turn  to  the  ways  in  which  the  chosen  obstacles  differ,  it 
will  be  noted  that  the  listed  obstacles  fall  into  three  fairly  definite 
classes:  1,  3,  and  5  are  hard,  homogeneous,  rocky,  brown  or  grey  to  the 
eye.  Obstacles  2  and  4  are  soft;  they  consist  of  vegetation,  change  with 
the  season,  have  leaves  and  branches  (much  small  detail) ,  and  are  green 
to  tii e  eye,  or  orangc-'brovn.  The  remaining  obstacles  are  ditches  or 
simple  depressions  in  the  terrain  which  may  be  filled  with  water. 

The  differences  between  the  listed  hard  and  soft  objects  suggest  that 
two  ways  may  be  investigated  for  discriminating  between  them  optically. 

0:i c  of  these  is  by  texture,  roughness,  or  the  degree  of  detail  in  the 
object.  The  second  is  by  the  difference  in  spectral  reflectivity  which  is 
revealed  by  the  differences  in  color  between  earth  and  vegetation. 
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SPATIAL  DETAIL  ANALYSIS 

In  considering  the  use  of  detail  as  a  means  of  discrimination  it 
is  necessarjr  at  the  preseat  time  to  discuss  the  subject  without 
experimental  supporting  data.  A  simple  experiment  which  will  yield 
information  on  the  utility  of  detail  for  discrimination  is  described  later 
in  this  section. 

Vegetation  has  many  small  variations  in  shape  and  color,  and  so  the 
energy  received  from  vegetation  varies  widely  from  point  to  point.  Thus 
the  image  of  vegetation  ia  generally  full  of  high-contrast  detail. 

Clay  and  other  bare  ground  surfaces  are  relatively  uniform  in  color 
and  the  amount  of  fine  detail  tends  to  be  less.  Grassy  surfaces  have  the 
general  character  of  vegetation,  although  the  detail  is  very  fine-grained. 

Rocks  vary;  some  such  as  limestone  are  rather  uniform,  while  others 
(e.g. ,  granite)  may  have  very  fine  detail.  In  general,  rocks  appear  to  be 
more  uniform  than  trees  and  bushes  when  viewed  at  medium  resolution. 

Hedges  have  the  general  character  of  vegetation,  but  brick  and  stone 
walls  may  also  be  expected  to  contain  much  detail. 

It  appears  from  the3e  considerations  that  the  amount  of  roughness  in 
an  object  may  be  useful  in  identification,  but  will  probably  provide  only 
partial  consistency  determination.  Measurements  are  necessary  for  further 
conclusions,  and  no  source  for  this  data  is  known. 
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SPECTKAL  REFLECTANCE  ANALISIS 

Spectral  analysis  of  consistency  depend*  on  the  accumej  with  uhloh 
terrain  types  -  rock,  and,  grassland,  eto.  «  can  be  Identified  b j 
examination  of  their  spectral  reflectance  in  the  risible  and  infrared 
regions.  The  spectral  reflectance,  r  ^  ,  Of  an  object  is  ideally  the 

fraction  of  monochromatic  incident  energy  of  vaeelength  A  that  is 
reflected  by  the  object;  in  practice,  of  course,  A  refers  to  a  finite 
narrow  band.  To  be  practical,  a  consistency  sensor  will  necessarily 
divide  the  total  spectrum  into  a  few  bands  of  finite  width,  both  to  reduoe 
equipment  complexity  and  to  insure  that  a  workable  energy  level  is 
obtained  with  a  sensor  aperture  of  reasonable  sise. 

As  a  starting  point,  it  has  been  assumed  that  three  spectral  regions 
will  be  used,  and  that  only  the  relative  values  of  average  spectral 
reflectance  in  these  three  regions  are  determined.  This  approach 
circumvents  the  problem  of  making  an  absolute  determination  of  spectral 
reflectance  and  thus,  if  successful,  can  lead  to  simpler  equipment.  The 
questions  of  necessary  aperture  sices,  required  dynastic  range,  etc.,  have 
also  been  deferred  so  that  attention  can  be  concentrated  on  the  basic 
problem;  can  terrain  types,  and  thus  consistency,  be  determined  by 
relative  spectral  reflectance  measurements  in  three  spectral  regions? 
Spectral  Reflectance  Rata 

The  most  complete  collection  of  spectral  reflectance  data  available 
for  this  initial  study  is  that  of  Krinov,*  as  given  in  the  Air  Force 
Handbook  of  Geophysics.2  Krinov's  data  provides  values  of  spectral 

1.  Krinov,  E.  L. ,  "Spektral 1 naia  otrazhatcl'naia  sposobnost*  priorodoykh 
obrazovanii,"  (Spectral  Reflectance  Properties  of  Natural  Formations), 
taboratoriia  Aeromotodov,  Akad.Nauk  SSSR,  Moscow,  1947. 

2.  Handbook  of  Geophysics,  Revised  Edition, The  Macmillan  Co, ,New  fork, 1961. 


reflectance  for  eleven  types  of  natural  terrain,  given  in  0*01  micron 
intervals  over  the  spectral  range  from  0.400  to  0.840  micron.  The  data 
fall  into  eleven  types  as  follows t 
Class  A,  Water  Surfaces 
Class  B,  Bare  Areas  and  Soil 

Curve  la  -  Fresh  fallen  snow 
Curve  lb  -  Snow  covered  with  a  thin  film  of  ice 
Curve  1  -  Characteristic  of  limestoae,  clay  and  similar 
bright  objects 

Curve  5  -  Characteristic  of  sands,  bare  areas  in  the  desert, 
end  sou  mountain  outcrops 

Curve  7b  -  Typical  of  podzol,  clay  loan  and  other  soils,  paved 
roads,  and  sene  buildings 

Curve  8c  -  Characteristic  of  black  earth,  sand  loam,  and  earth  roads 
Class  C,  Vegetation 

Curve  la  -  Characteristic  of  coniferous  forests  in  winter 
Curve  lb  -  Typical  example  are  coniferous  forests  in  summer,  dry 
meadows,  and  grass  in  general,  excluding  lush  grass 
Curve  lc  ~  Typical  examples  arc  deciduous  forests  in  summer  and 
all  lush  grass 

Curve  Id  -  Typical  examples  are  forests  in  the  autumn  and  ripe 
field  crops 

The  8pcctral  reflectance  data  for  these  terrain  features  are  shown 
plotted  in  figure  28.  Although  these  do  not  represent  all  the  varieties  of 
terrain  that  might  be  of  interest  (including  such  important  ones  as  marshland 
and  mud),  they  do  provide  a  good  representative  sample  for  judging  whether 


spectral  measurements  will  permit  consistency  determination 
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Spectral  Calculations 

Examination  of  figure  28,  and  particularly  of  the  "Class  C*  data, 
leads  to  an  initial  selection  of  the  three  speotral  regions  of  greatest 
promise  as  0.40  -  0.52  ,  0.52  -  0.t>6 yO  ,  aad  0*68  -  0.84 yi  0 

The  intermediate  Talues  of  0.52^  and  0*66^  are  the  approximate 
positions  of  natural  break  points  in  many  of  the  curves,  leading  to  a 
good  probability  that  the  three  regions  considered  will  be  well  suited 
for  spectral  discrimination. 


For  the  purposes  of  the  calculations,  it  has  been  assumed  that  these 
three  regions  can  be  separated  by  ideal  bandpass  filters  with  lOOjt 
transmission  in  the  pass  band,  and  no  transsiission  elsewhere,  and  that 
the  detector  has  uniform  response  over  the  complete  spectral  region. 

These  conditions  cannot  be  attained  in  practice,  but  they  do  represent 
factors  over  which  the  equipment  designer  has  some  control.  The  calculations 
have  been  carried  out  for  two  types  of  illumination:  sea-level  sunlight 
with  the  sun  JO  degrees  above  the  horizon,  and  artificial  light  with  a 
tungsten-filament  source  operating  at  3000°K.  These  are  taken  to  represent 
day  and  night  conditions. 


To  determine  the  relative  energy  in  each  band,  the  product  of 
spectral  irradiance  and  spectral  reflectance  for  each  terrain  type  was 
taken  f or  0.02  micron  intervals,  and  the  resulting  curves  were  integrated 
over  the  spectral  bands  of  interest.  This  data  was  then  used  to  calculate 
the  fraction  of  total  energy  in  each  spectral  band. 


( 
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The  results  are  shown  plotted  in  Figure  29  for  sunlight  and  Figure  30 
for  artificial  illumination.  la  these  triangular-coordinate  plots,  A 
represeats  the  fraction  of  the  total  energy  in  the  0*40  -  0.52 yt  region, 
B  represents  the  0.32  -  0.66 y*-  regions  and  C  represents  the  0.66  -  0.84/ 
region. 

The  data  for  artificial  llltasi nation  was  then  "corrected"  by  applying 
factors  based  oa  the  relative  energy  between  natural  and  artificial  light 
for  the  three  spectral  regions. 

The  data  for  oaturaL  sunlight  and  the  corrected  data  for  tungsten 
are  shown  plotted  in  Figure  31.  The  results  show  excellent  agreement, 
indicating  that  the  effects  of  variation  in  illumination  over  the  spectral 
regions  can  be  compensated  for  in  a  straightforward  way. 


Discussion 

The  results  of  the  calculations  show  that  there  is  definite  promise 
in  using  spectral  analysis  as  a  means  for  consistency  determination. 

Based  on  the  available  data,  spectral  measurements  can  give  reasonably 
clean-cut  discriminations  between  various  types  of  terrain  feature*.  No 
information  is  available  on  the  probable  variability  in  the  data,  however, 
so  these  results  can  only  be  considered  as  suggestive  rather  than 
conclusive. 


In  particular,  additional  information  is  needed  on  the  spectral 
reflectance  of  vet  soils,  rrud,  marsh,  and  the  like  that  fora  typical  soft 
terrains.  It  might  be  expected  that  the  data  points  shown  in  the  figures 
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would  move  toward  point  A3  (water),  bat  this  can  only  be  considered 
conjectural  in  the  absence  of  valid  data.  It  is,  in  fact,  not  unlikely 
that  the  measurements  from  which  the  data  for  carve  A3  were  derived  were 
influenced  by  the  mirroring  of  blue  skylight  into  the  eeasuring  instrueent. 
The  extent  to  which  this  would  be  a  problem  in  an  actual  instrusient  for 
terrain  consistency  measurement  will  require  further  investigation, 
regardless  of  the  validity  of  the  data  point  for  water.  The  effects  of 
wetness  in  general  are  discussed  in  store  detail  later  in  this  section. 

The  data  strongly  suggests  that  reasonable  discrimination  between 
important  terrain  categories  would  be  possible  with  only  two  spectral 
regions  (B  and  C),  thus  simplifying  the  equipment  and  very  likely  reducing 
the  problem  of  reflected  skylighto  If  the  blue  (A)  region  is  used, 
trouble  might  also  be  expected  during  operation  ip  regions  of  patchy 
shade,  as  there  is  a  much  higher  proportion  of  blue  light  in  the  shade 
than  in  the  open  sun. 

Infrared  Spectral  Analyses 

Since  ultimately  it  may  be  desirable  to  operate  the  terrain  sensor 
system  in  such  a  way  that  little  or  no  visible  energy  is  required  at 
night,  a  brief  study  was  made  to  investigate  the  possibility  of  using 
only  the  near  infrared  region  for  discrimination.  The  spectral  range 
from  0o?0  to  0.84  microa  was  divided  into  two  bands:  0.70  to  0.77  micron, 
and  0,. 77  to  0.84  micron.  The  average  reflectivities  for  each  band,  and 
the  ratios  of  reflectivities  in  the  two  bands  were  then  computed  for  the 
same  terrain  types,  and  using  the  same  basic  data  as  for  the  three-color 
analysis  above. 
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The  results  of  the  calculations  are  given  in  the  following  table: 
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In  order  of  decreasing  ratio  of  reflectivity  in  the  0«70  -  0.77^ region 


to  that  in 

the  0.77 

-  0,84  J*  region,  the  data  show  the  following  sequence: 

A3 

1.5 

Water 

Bla 

1.06 

Fresh  snow 

Bib 

1.00 

Icy  snow 

B2 

„97G 

Limestone,  clay 

B5 

.926 

Sand,  bore  desert,  etc. 

87b 

.777 

Clay  loam,  pavement,  etc. 

Cld 

.772 

Autumn  forests,  ripe  field  crops 

B3c 

.748 

Black  earth,  sand  loam,  earth  roads 

Clb 

.738 

Coniferous  forests  in  summer,  dry  meadows,  grass 

Ola 

.674 

Coniferous  forests  in  winter 

Glc 

,040 

Deciduous  forests  in  summer,  lush  grass 

Clearly,  water  is  readily  distinguishable  from  other  terrain  features, 
fliooth  bars  materials  3uch  as  limestone,  clay,  and  snow-covered  terrain  fora 
another  natural  grouping.  The  distinction  between  vegetation  and  other 
terrain  types  is  not  as  prominent  as  when  the  visible  region  is  used,  but  it 
ear  be  seen  that  lush  vegetation  gives  the  lowest  reflectivity  ratio,  and  it 
is  not;  unlikely  that  very  lush  soft  terrain,  such  as  marshes,  would  be 
easily  distinguished. 
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Further  detailed  analysis  auat  await  the  availability  of  additional 


data,  it  is  tentatively  concluded  that  a  three-color  system  including  the 
visible  region  would  be  more  reliable  in  discrimination  than  the  two-color 
infrared  system,  but  that  the  infrared  ays tea  need  not  be  ruled  out  if 
other  factors  (such  as  visual  security)  strongly  favor  its  use.  in  the 
three-color  analysis  in  particular,  a  strong  distinction  exists  between 
the  spectral  characteristics  of  the  hard  and  soft  obstacles  previously 
described,  but  more  detailed  data  is  required  than  is  presently  available 
in  the  literature. 

WET  OBJECTS 

We  may  now  consider  the  determination  of  the  consistency  of  elements 
of  tiie  model  when  they  are  wet  as  during  and  immediately  after  a  rain.  The 
principal  effect  of  this  wetting  to  be  considered  will  be  the  resulting 
film  of  water  on  the  surface  of  the  objects.  A  second  effect  of  wetting, 
of  course,  is  to  turn  dirt  or  clay  to  mud.  This  appears  to  be  important 
principally  when  the  vehicle  is  traveling  on  a  hard  surfece  (paving)  and 
it  is  desired  to  run  from  the  paving  onto  hard  ground.  The  determination 
of  the  tiuddiaass  of  this  bare  ground  appears  to  be  a  more  difficult 
problem  than  those  discussed  below,  since  the  optical  reflectivity  will 
be  the  sare  for  a  thin  layer  of  mud  and  for  one  deep  enough  to  fora  a 
serious  obstacle. 

Turning  to  the  effects  of  a  film  of  moisture  on  the  surface  of  objects, 
it  ray  be  noted  first  that  spectral  date,  for  wet  objects  comparable  to 
that  given  above  for  dry  objects  has  not  been  discovered.  However,  the 
following  comments  can  be  made. 
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First,  visual  observation  shows  that  a  fils  of  moisture  on  objects 
has  little  affect  on  the  observable  texture  of  vegetation  compared  with 
rock  and  earth.  Likewise,  the  color  of  objects  is  not  grossly  affected 
by  their  being  wet.  Thus  it  appears  likely  that  color  and  texture 
criteria  suitable  for  dry  objects  will  be  applicable  to  wet  objects. 

A  second  effect  to  be  considered,  as  nentioned  earlier,  is  that  the 
film  of  moisture  tends  to  act  as  a  reflector  and  reflects  the  sky,  the 
sun,  and  nearby  objects.  Since  the  sensor  responds  to  this  reflected 
light,  it  may  give  a  different  indication  in  the  presence  of  wet  objects. 
(This  effect  will  have  to  be  taken  into  account  when  evaluating  the 
specific  ranging  process. )  An  estimate  of  the  magnitude  of  this  effect 
can  be  obtained  by  considering  what  natural  objects  in  the  open  look  like 
when  wet.  Vegetation  looks  rough  and  green.  Clay,  rock,  and  so  on,  look 
shiny,  but  are  perceived  as  brown.  Thus  it  may  be  concluded  that  probably 
the  reflections  from  the  water  film  do  not  completely  change  the  spectral 
content  of  terrain  reflections.  However,  since  the  received  energy  is 
probably  due  to  a  mixture  of  energy  reflected  by  the  object  itself  and 
energy  reflected  by  the  surface  film,  the  spectral  reflectivity  curves 
may  all  be  tilted  in  the  direction  of  the  water  curve  (Figure  28,  curve  A.) 

Another  effect  that  should  show  promise  in  determining  texture 
C.vrticularly  in  case  of  water)  is  the  polarisation  of  the  reflected 
radiation.  It  is  reasonable  to  assume  that  the  degree  of  polarisation  is 
related  to  the  wetness  of  the  surface.  Future  study  of  this  aspect  could 


It  nay  be  concluded  that  although  insufficient  data  has  been 
discovered,  it  appears  that  spectral  and  texture  analysis  oan  be  used 

against  vet  terrain  objects. 

DITCHES 

The  regaining  obstacles  which  have  not  yet  been  considered  are 
ditches.  Dry  ditches  are  sensed  in  the  nonsal  manner,  sod  should  yield 
no  aisleading  signal,  although  the  shadow  problem  has  not  been  completely 
solved. 

Water-filled  ditches,  on  the  other  hand,  require  more  examination. 

We  may  consider  the  signals  which  may  be  expected  to  be  returned  from 
such  obstacles;  for  convenience  the  effect  on  passive  systems  vlll  be 
considered  first,  followed  by  active  systems.  Because  different  effects 
are  anticipated  depending  on  the  condition  of  the  water  in  the  ditch,  the 
discussion  will  include  still  water,  rough  water  (ripples),  and  muddy 
water. 

In  a  passive  ranging  system  the  return  from  still  water  is  due  to 
a  large  extent  to  specular  return  of  light  falling  on  the  surface,  and 
hence  the  reflections  of  nearby  objects  or  the  sky  are  sensed.  Because 
of  the  uniformity  of  the  sky,  little  energy  will  be  available  for  passive 
range  measurement.  If  nearby  objects  are  reflected,  long  and  erroneous 
ranges  will  bo  calculated.  The  spectral  characteristics  of  this 
reflected  energy  will  approximate  the  object  reflected,  but  will  probably 
bo  mixed  with  a  class  A  (typical  of  water)  spectral  distribution  of 
energy.  The  long  measured  range  will  indicate  a  steep  terrain  drop  which 
would  act  as  an  alarm* 
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Usually  the  surface  of  the  water  might  be  expected  to  be  slightly 
rough  or  covered  with  ripples.  Here  the  range  to  the  surface  is  sensed 
by  a  passive  system,  and  (becanse  of  the  large  brightness  of  the  sky) 
spectral  characteristics  typical  of  class  A  would  be  expected.  Hence  the 
location  of  the  surface  is  measured  and  it  is  determined  to  be  water.  No 
information  is  obtained  about  the  depth  of  the  water. 

The  water  may  contain  various  amounts  of  suspended  dirt.  Muddy 
water  reflects  the  skyt  it  also  has  the  color  of  the  suspended  clay  or 
dirt.  Hence  it  would  be  expected  that  the  received  energy  would  have  a 
spectral  content  somewhere  between  those  typical  of  class  A  and  class  B 
objects.  Thus  the  water  surface  would  not  be  mistaken  for  vegetation, 
but  it  might  be  mistaken  for  a  level  stretch  of  earth;  smooth  moist  clay, 
for  example,  might  have  very  similar  characteristics.  The  exact 
characteristics  require  measurement,  since  the  possible  degree  of 
discrimination  cannot  be  determined  from  available  data. 

So  far,  attention  has  been  restricted  to  passive  systems.  Active 
systems  may  be  discussed  based  on  the  three  types  of  water  surfaces 
described. 

In  the  case  of  still  water,  if  the  sky  is  reflected,  no  return  is 
received  by  an  active  system,  and  since  no  energy  is  available  the 
3>’3ten  hunts.  This  lack  of  a  positive  return  might  be  used  to  indicate 
water;  care  must  be  taken  that  very  smooth  read  surfaces  do  not  give  the 
same  indication.  If  reflections  of  other  nearby  objects  can  be  seen  by 
an  observer  from  the  sensor  location,  and  the  reflectivity  of  the  surface 
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is  sufficiently  high,  the  range  to  these  reflected  objects  sight  be 
measured.  As  with  the  pa 9 si re  system  the  large  resulting  range  indication 
would  suggest  a  steep  drop  and  serve  as  an  alarm. 

If  the  surface  of  the  water  is  covered  with  ripples,  it  still  any 
not  be  possible  to  make  a  range  measurement  unless  the  snrfaoe  scatters 
or  reflects  part  of  the  transmitted  energy  toward  the  receiver.  If  this 
is  the  case,  a  valid  range  estimate  can  he  made,  and  the  reflectance 
characteristics  will  agree  with  those  described  above  as  class  A. 

If  a  portion  of  the  energy  from  the  active  source  is  reflected 
specularly  by  the  wavelets  (this  would  ordinarily  require  quite  steep 
waves)  the  return  would  be  large  and  have  the  spectral  characteristics 
of  the  source. 

If  the  water  is  muddy,  and  looks  brown,  the  energy  reflected  will 
be  due  to  a  large  extent  to  reflection  from  the  surface,  but  the  energy 
would  be  colored  to  a  considerable  extent  by  the  suspended  materials 
Hence  the  above  remarks  apply  to  this  case,  but  the  spectral  character¬ 
istics  are  somewhat  more  characteristic  of  earth. 

StfCfe? 

Finally,  the  process  of  consistency  determination  when  the  ground 
is  covered  with  snow  will  be  considered  briefly.  Assume  the  vehicle  is 
traveling  on  or  near  the  surface  of  the  snow.  The  terrain  appears  to 
be  a  surface  of  high  uniform  reflectance  with  obstacles  such  as  posts, 
bush  tops,  bodges,  fences,  and  walls  standing  out.  Any  obstacle  which 
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is  covered  with  snow  will  yield  the  sene  consistency  determination:  such 
obstacles  nay  be  considered  solid  with  fair  accuracy,  since  they  will 
probably  be  rocks  or  frosen  ground*  Other  obstacles  differ  in  color 
froa  the  snow-covered  terrain,  and  those  which  are  not  hard  will,  in 
general,  be  "perforated";  they  will  have  large  aaoonts  of  high  contrast 
detail  -  for  example,  the  branches  of  a  bush.  This  latter  is  the 
principal  distinguishing  characteristic  in  winter,  and  nay  provide  a 
usefnl  consistency  criterion. 


MEASUREMENTS  PROGRAM 


Although  spatial  and  spectral  analysis  bold  distinot  proed.se  in 
providing  terrain  consistency  Measurements,  the  available  published 
literature  is  insufficient  to  permit  either  a  detailed  theoretical 
analysis  or  optimal  equipment  design*  For  completeness ,  therefore,  a 
program  has  been  evolved  for  deriving  the  required  measurements  in  a  form 
specifically  applicable  to  terrain  consistency  sensing.  The  basic  features 
of  this  program  are  reported  here  for  future  reforenoe.  Conduct  of  such  a 
program  is  not  within  the  scope  of  the  present  contract. 

The  objectives  of  such  a  program  would  be  os  follows : 

1.  To  make  measurements  of  the  optically  obsorvable  textures  of 
various  terrain  objects  in  various  spectral  regions.  These 
measurements  would  be  made  in  such  a  way  that  they  apply  directly 
to  the  design  of  a  consistency  measurement  device  for  incorporation 
into  the  terrain  sensor. 

2.  To  correlate  the  results  of  the  measurements  with  the  consistencies 
of  various  terrain  objects. 

The  resulting  data  could  then  be  incorporated  into  the  design  of  a 
consistency  censor,  by  guiding  the  choice  or  design  of  choppers  or  other 
spatial-spectral  analysis  devices,  and  the  design  of  the  necessary  decision- 

irabing  switching  circuitry. 


Frocadurc 

The  general  approach  that  appeal's  most  practical  is  measurement  of 
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the  fractional  modulation  of  energy  in  different  electrical  frequency 
bands  produced  by  chopping  the  Images  of  various  terrain  features  with 
different  spatial  filters  in  various  spectral  regions. 

In  order  to  do  this  as  simply  as  possible  and  under  controlled 
conditions,  it  would  be  desirable  to  make  the  first  measurements  in  the 
laboratory,  these  measurements  would  be  made  using  both  photographic 
techniques  and  samples  of  natural  objects,  as  follows: 

1.  Color  photographic  transparencies  of  the  terrain  would  be  made, 
incorporating  a  variety  of  natural  and  man-made  objects.  The 
consistencies  of  these  objects  would  be  reoorded  in  the  field  at 
the  time  the  photographs  were  taken* 

A  simple  projection  system  would  be  set  up  in  the  laboratory 
which  would  allow  desired  small  portions  of  the  color  transparen¬ 
cies  to  be  imaged  on  a  rotating  chopper  disk  placed  in  front  of 
a  photomultiplier.  Various  chopper  patterns  and  spectral  filters 
would  be  used,  and  for  each  combination  of  target  type,  spatial 
filter  (chopper),  and  spectral  filter,  the  fractional  modulation 
of  energy  in  various  electrical  frequency  bands  would  be  measured* 

(Although  the  spectral  region  which  can  be  examined  using 
color  transparencies  is  somewhat  narrower  than  nay  be  used  in  the 
ultimate  equipaent,  it  is  nevertheless  wide  enough  to  be  of 
cmcidorable  vhIuc ,  and  the  restrictions  imposed  by  this  technique, 
which  would  be  unde  up  for  ir.  the  measurements  on  samples  and 


is  the  later  field  tests,  are  compensated  for  by  the  aiaplieity 

and  flexibility  of  the  photographic  technique.) 

2.  Samples  of  natural  materials  would  be  brought  into  the  laboratory. 
These  samples  would  be  iUuai&ated  and  imaged  in  the  proper  eoale 
on  the  rotating  chopper  disk,  using  the  sane  projection  leas  and 
additional  folding  mirrors  to  properly  direct  the  line  of  eight. 
The  Measurement  would  be  similar  to  those  made  using  photographic 
transparencies. 

The  sample  materials  examined  in  the  laboratory  would  be 
principally  such  things  as  rocks,  sand,  and  earth,  which  can  be 
kept  for  long  periods  of  time  without  changing.  However, 
vegetation  could  also  be  examined  to  the  extent  that  it  can  be 
brought  into  the  laboratory  and  kept  from  wilting  during 
measurements o 

The  results  of  these  two  sets  of  measurements  would  then  be 
correlated  with  the  consistencies  of  the  terrain  objects,  and  a 
preliminary  determination  would  be  made  of  the  best  combination 
of  spatial  chopper  patterns  and  spectral  regions. 

3.  'filer,  in  order  to  verify  these  preliminary  conclusions  under 
more  realistic  conditions  (such  as  the  inclusion  of  a  larger 
variety  of  materials  studied  in  the  wider  spectral  region  and 
under  various  lighting  conditions)  the  combinations  adjudged  best 
during  the  laboratory  program  world  be  incorporated  into 
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simple  field  test  equipment  having  characteristics  (such  as 
field-of-viev)  u  required  by  the  terrain  sensor,  field 
measurements  would  then  be  node  with  this  equipment  under  a 
variety  of  conditions  and  the  results  coopered  with  the  results 
of  the  laboratory  neasureaints.  Any  chances  found  desirable  in 
the  filtering  or  decision  techniques  could  then  be  aade  and 
performance  re checked  in  the  field. 

Laboratory  Setup 

A  possible  laboratory  setup  is  shown  in  figure  32.  The  necessary 
optical  equipnent  is  shown  awaited  on  an  optical  bench*-,  which  would  give 
convenience  and  flexibility.  The  projection  portion  of  this  equipnent 
consists  of  the  following:  a  projection  bulb  used  as  a  light  source*  a 
condensing  system,  a  slide  carrier*  and  a  projection  lens.  The  detection 
portion  consists  of  an  aperture*  referred  to  as  a  field  stop*  behind  which 
is  a  rotating  chopper  driven  by  an  electric  motor*  and  a  photomultiplier 
which  measures  the  interrupted  energy  passing  through  tho  field  stop  and 
chopper.  Not  shown  is  a  simple  folding  mirror  system  which  would  allow 
terrain  samples  to  be  imaged  on  the  field  stop  and  chopper. 

Except  for  the  slide  carrier,  the  projection  portion  of  the  equipnent 
is  conventional;  its  purpose  is  to  fonn  an  enlarged  image  of  a  portion  of 
the  transparency  or  the  terrain  sample  on  the  field  stop.  The  slide 
carrier  is  unusual  in  that  it  has  two  degrees  of  freedom  to  allow  any 
selected  portion  of  the  slide  to  ba  imaged  on  the  field  stop.  This  field 
stop  simulates  the  field  stop  in  an  actual  equipment;  in  both  cases  it 
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serve*  to  Unit  the  field  of  view  of  the  detector.  The  experiMmtel  field 
stop,  chopper,  end  the  degree  of  enlargement  produced  by  j—giag  the 
photographic  transparency  or  terrain  staple  on  the  field  atop,  axe  selected 
together  to  eisulate  the  proper  field  of  view. 

The  chopper  disk  could  be  made  conveniently  from  a  doable  disk  of 
plastic  or  glass,  with  a  piece  of  photographic  file  placed  between  the 
two  layers  to  form  a  sandwich.  This  film  would  bear  the  desired  chopper 
pattern.  This  technique  aakes  it  easy  to  change  choppers,  and  also  easy  to 
fabricate  new  ones,  since  it  is  only  required  that  the  desired  pattern  be 
drawn  up  and  photographed  on  high -contrast  filau 

The  photomultiplier  produces  an  electrical  output  proportional  to  the 
energy  which  passes  through  the  field  stop  and  is  interrupted  by  the 
chopper.  A  photomultiplier  with  S-20  response  would  cover  the  entire 
visible  spectrum.  Filters  could  be  placed  in  the  optical  path  to  do  two 
things:  first,  to  balance  the  light  from  the  tungsten  source  to  give  a 
spectral  content  equivalent  to  that  of  sunlight  at  different  times  of  day, 
and,  second,  to  select  specific  spectral  regions  for  investigation. 

The  electrical  output  of  the  photomultiplier  is  amplified  as  necessary 
and  the  nature  of  the  electrical  output  is  examined  using  bandpass  filters, 
and  measured  with  an  a-c  voltmeter. 


A  typical  experi'neut  would  proceed  as  follows:  A  photographic 
transparency  or  an  actual  terrain  sample  is  selected  and  the  desired 
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portion  la  imaged  os  the  Hold  atop  with  tho  proper  decree  of  rnlsrg— ent. 
Then  &  chopper  diek  composed  of  opaque  and  trana  parent  sectors  which  are 
large  with  respect  to  the  field  stop  is  rotated  in  tbs  light  path.  The 
amplitude  of  the  low-frequency  detector  output  mature#  the  average  energy 
level,  to  serve  as  a  reference  level.  Then  various  choppers  having  fine 
detail  are  substituted  and  the  modulation  produced  in  various  spectral 
regions  with  different  choppers  is  analysed.  Data  from  a  series  of  similar 
experiments  is  used  to  determine  the  best  chopper  configurations  and 
spectral  regions  for  consistency  determination.  This  process  is  discussed 
in  more  detail  below. 

Field  Test  Equiqaant 

A  field  test  equipment  that  could  be  desired  on  tho  basis  of  the 
laboratory  experimental  findings  is  shewn  in  scheai&tic  fora  in  Figure  33. 

In  this  equipment  the  terrain  is  imaged  by  the  optical  system  on  a  fixed 
field  stop.  A  l-irtoh'-diamcter  objective  lens  would  be  adequate  for  the 
purpose.  The  choppers  used  would  bo  interchangeable,  but  because  the  less 
affective  ones  would  have  been  weeded  out  during  the  laboratory  experiments, 
only  a  few  would  be  needed.  These  choppers  combine  the  spectral  and 
spatial  filters  and  so  resemble  as  closely  as  possible  the  consistency 
measuring  device  that  would  bo  used  in  an  actual  terrain  sensor.  The 
detector  output  and  rotational  reference  signals  as  necessary  are  recorded 
and  Treasured  a 3  before,  Tho  equipment  is  mounted  on  a  tripod,  and  an  optical 
sight  is  used  to  aira  the  equipment  at  desired  portions  of  the  terrain.  The 
data  gathered  during  this  phase  would  verify  the  conclusions  reached 
during  tho  laboratory  program,  and  would  allow  final  equipment  design 
parameters  to  be  established.  £39 
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Nov  the  question  of  the  design  of  the  logic  circuits  for  terrain 
identification  and  consistency  determination  will  be  considered.  In  a  way, 
calling  this  part  of  the  equipment  "logio  circuits"  is  somewhat  sis  loading 
since  the  required  functions  are  performed  by  simple  diode  networks  rather 
than  complicated  computer  circuits.  The  design  of  this  part  of  the 
consistency  sensor  would  proceed  as  follows: 

It  is  assumed  that  as  a  result  of  the  measurement  program,  the  electrical 
detector  outputs  obtained  when  different  types  of  terrain  are  imaged  on  a 
particular  chopping  disk  can  be  predicted*  In  the  simplest  case  the 
detector  output  may  then  be  thought  of  as  indicating  "rough,"  "smooth," 
or  "medium"  texture,  and  the  spsctral  filters  may  indicate  "blue,"  "red," 
or  "medium"  color. 

to  a  table  nay  be  drawn  up.  Each  type  of  terrain  or  obstacle  is 
listed,  and  put  into  one  of  several  consistency  categories.  Thon  the 
texture  and  spectral  characteristics  of  each  terrain  type  are  listed „ 
Examination  of  the  correspondences  between  texture-spectral  categories 
and  consistency  categories  indicates  the  necessary  logic  processes.  For 
example,  it  nay  be  found  that  "median"  color  and  "smooth"  texture  always 
correspond  to  objects  of  "hard"  consistency.  In  this  case,  whenever  the 
consistency  sensor  determines  that  the  field  of  view  is  "smooth"  in  texture 
and  "Medium"  in  color  it  indicates  "hard"  consistency.  In  this  way  various 

conbinafcicna  of  spectral  filtering  and  texture  analysis  (using  different 
chopper  reticles)  are  examined  until  the  best  patterns  and  filter  choices 

for  reliable  consistency  determination  are  discovered. 
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CONCLUSIONS 

On  the  basis  of  the  Halted  data  available  it  cannot  be  assorted  that 
this  optical  technique  for  consistency  determination  will  be  infallible* 
However,  it  does  appear  reasonable  to  estimate  that  80?  to  90£  of  t&e 
terrain  obstacles  encountered  will  be  correctly  identified.  The  improved 
vehicle  performance  which  will  result  from  this  degree  of  terrain 
identification  is  well  worth  the  snail  additional  terrain  sensor  coszplexity 
involved. 

Both  texture  and  spectral  analysis  can  be  carried  out  during  night 
operations.  Might  operation  of  the  terrain  sensor  involves  illuainating 
the  terrain  ab^ad  of  the  vehicle  with  a  light  in  the  vehicle.  For  security 
this  may  be  a  very  narrow  bean,  or  perhaps  an  infrared  source.  During  the 
course  of  the  present  study  both  the  use  of  a  tungsten  and  an  infrared 
source  have  been  examined  for  spectral  analysis  and  found  to  bo 
satisfactory.  Since  the  detail  seen  in  an  object  is  affected  only  to  a 
sriall  extent  by  the  spectral  characteristics  of  the  incident  radiation, 
texture  analysis  can  also  be  used  under  artificial  illumination. 
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PBELXMXKABX  DESIGN 


On  tin  basis  of  the  results  presented  in  the  preceding  sections, 
it  is  possible  to  proceed  with  s  preli.sri.nsry  design  for  a  terrain  Sensor* 
This  involves  at  the  start  the  following  steps:  the  choice  of  a  ranging 
technique,  the  choice  of  a  computation  method,  the  choice  of  a 
consistency  measurement  technique,  preliminary  optical  design  and 
preliminary  system  design.  These  ere  discussed  in  various  paragraphs 
of  this  section. 

CHOICE  OF  RANGING  TECHNIQUE 

While  the  final  choice  of  a  ranging  technique  for  the  terrain  sensor 
is  based  on  the  facts  and  calculations  available  an  the  different  methods, 
tho  actual  choice  regains  somewhat  subjective,  since  the  weights  given 
to  the  various  factors  depend  on  judgement  and  intuition.  Also,  not  all 
of  the  possible  techniques  have  been  analyzed  completely,  so  the 
discussion  must  be  based  on  data  which  is  to  sobs  extent  incomplete. 

With  tlds  in  mind,  it  appears  that  the  best  choice  is  passive 
ranging  by  image-plane  location,  described  previously.  The  reasons 

for  this  choice  are  as  follows: 

1.  The  systoia  inects  the  basic  rsquiressents  on  range  and  accuracy. 

2,,  The  system  ic  passive  under  usual  operating  conditions,  leading 
to  simplicity  and  security. 

3.  Only  one  station  is  required  for  each  track  (two  per  vehicle) 
rather  than  two  per  track  (four  per  vehicle)  as  required  by 
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Active  systems  end  those  based  oa  triangalstioo.  This  leads 
to  simplicity  of  installation  and  alignment. 

4.  If  a  source  of  illusdnation  on  the  vehicle  is  required  for 
eight  operation,  considerable  freed—  of  choice  is  allowed} 
the  source  nay  be  either  a  very  narrow  been  boresigjhted  with 
the  sensor,  which  leads  to  good  security,  or  my  cover  a  broad 
area  as  do  comraotioual  headlamps. 

S„  This  ranging  method  is  based  on  well-known  optical  principles 
and  does  not  require  the  development  of  a  technique. 

6.  Certain  of  the  parameters  have  already  been  investigated 
experimentally  to  verify  calculations.  (See  Appendix  C.) 

7.  The  equipment  configuration  is  relatively  simple  -  apparantly 
as  simple  as  the  equipment  for  any  other  method.  This  leads 
to  lov  cost  and  high  reliability. 


For  these  reasons  ve  hava  rococaiended  the  use  of  optical  rangefinding 
by  image  piano  determination,  and  have  chosen  this  method  as  a  basis  for 

a  preliminary  equipment  design. 


OSIOi!  OF  CONFUTATION  KEXHQD 

The  nest  step  in  the  praliirojiary  design  of  the  terrain  sensor  is 
the  choice  of  the  computation  process  from  among  the  three  techniques 
discussed  in  e.  previous  section.  The  first  and  second  consist,  in 
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simplest  term,  of  looking  out  at  the  terrain  with  a  fixed  depression 
angle*,  and  Measuring  the  range  to  the  terrain*  Values  of  the  terrain 
elevation  are  computed  from  this  Measured  range*  Data  processing 
continues  by  reading  these  values  into  a  buffer  storage  unit  as  they 
are  computed,  and  reading  them  out  at  a  variable  rate  to  that  the 
values  of  terrain  elevation  at  the  output  correspond  to  the  terrain 
a  fixed  distance  ahead  of  the  vehicle,  or  a  fixed  tine  ahead,  by 
taking  Telocity  into  account. 

The  third  computation  process  requires  varying  the  depression 
angle  in  such  a  way  that  the  horizontal  distance  to  the  point  measured 
is  always  constant.  If  this  is  done,  values  of  y  computed  frees  the 
measured  depression  angle  represent  inmediatoly  the  terrain  elevation 
a  fixed  distance  ahead  of  the  vehicle,  without  the  need  for  an 
aiciliary  buffer  storage. 


In  cither  case  an  integrating  accelerometer  is  mounted  in  the  sensor; 


The  variation  in  this  depression  angle  as  the  vehicle  tilts  is  actually 

taken  into  account  in  the  computation  process. 
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the  output  of  this  is  subtracted  from  the  measured  values  of  terrain 
elevation  so  that  the  final  terrain  elevation  output  is  given  relative 
to  a  fixed  reference  level  and  does  not  depend  on  the  momentary  position 
of  the  vehicle . 

As  far  as  they  have  been  studied)  any  of  these  coaputation  methods  is 
feasible^  and  therefore  the  choice  is  to  some  extent  arbitrary,  as  in  the 
choice  of  a  ranging  technique.  We  have  chosen  the  third  method,  in  which 
the  sensor  is  caused  to  look  a  fixed  distance  ahead  of  the  vehicle.,  on  the 
basis  of  tlie  following  considerations: 

1.  Buffer  storage  or  extensive  computation  is  not  required.  Thi3 
signi  ficantly  simplifies  the  equipment, 

2,  The  selected  method  of  ranging  requires  some  physical  motion  of 
optical  elements  in  order  to  locate  the  image  plane  at  different 
ranges.  This  motion  can  be  replaced  by  the  change  in  the 
depression  angle  if  a  fixed  range  is  used,  as  in  the  selected 
computation  method,.  Thus,  the  need  for  one  other  major  motion  is 
eliminated . 

3.,  This  method  eliminates  the  need  for  measuring  ranges  greater  than 
the  nominal  horizontal  distance,  thus  contributing  to  range 
accuracy  (which  falls  an  the  s qua re  of  range), 

4  Sir.cc  the  sensor  operates  at  a  nearly  constant  range,  the 

dcr.erir-?j,ation  of  consistency  by  texture  analysis  may  be  simplified. 
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PREUMZNABOr  OPTICAL  DESIGN 


As  has  been  seen,  the  systen  to  be  investigated  during  the  preliminary 
design  stags  consists  of  an  optical  rangefinder  functioning  by  image  plane 
location,  which  keeps  itself  aimed  at  the  terrain  a  fixed  distance  ahead 
of  the  vehicle.  A  number  of  optical  configurations  have  been  considered 
for  this  sensor;  one  which  seem  suitable  for  analysis  is  described  in 
this  section. 

The  optical  layout  for  this  system  is  shown  in  Figure  34.  This  figure 
is  drawn  to  approximately  half  scale.  Radiation  enters  ths  system  from 
the  right  and  strikes  the  large  flat  pierced  mirror.  This  Mirror  is  an 
ellipse,  about  3  inches  by  4~l/2  inches,  and  can  be  rocked  about  an  axis 
perpendicular  to  the  plane  of  the  drawing  to  change  the  depression  angle. 
Energy  is  reflected  via  a  fixed  folding  mirror  to  the  3-in.  parabolic  primary 
mirror  of  12-inch  focal  length  which  is  fixed  with  respeot  to  the  sensor 
frame  „  Tho  converging  cone  is  again  folded  and  then  passes  through  the 
elliptical  hole  in  the  large  flat  rocking  mirror,  is  folded  by  a  fixed 
mirror,  and  an  image  i3  formed  near  the  fixed  field  stop  and  dual-thickness 
rotating  chopper.  The  interrupted  energy  then  falls  on  a  multiplier 
phototube,  generating  an  a-c  waveform*  Details  such  as  tho  required  light 
baffles  have  been  omitted  from  this  sketch. 


The  chopper  is  shown  (not  to  scale)  in  Figure  35.  A  reticle  on  the 
fat  surface  interrupts  the  incident  radiation  to  generate  the  a-c  output. 
?r.ls  is  a  nr-rcinnr.  when  tho  field  object  is  focused  on  the  pattern. 
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f~igure  34  Preti  minarj  Optica/  Desijn 


Because  of  the  dual-thickness  chopper,  the  optical  path  is  loafer  for  one 
half  a  revolution  than  it  is  for  the  other  half*  Thus  the  focal  position 
shifts  back  and  forth  with  respect  to  the  reticle.  This  results  in 
amplitude  modulation  of  the  a-c  waveform  out  of  the  multiplier  phototube. 
Phase  detection  of  this  waveform  permits  the  determination  of  whether  the 
object  field  is  too  far  away  or  too  near;  this  information  la  used  to  wok 
the  large  flat  mirror  in  such  a  way  as  to  reduce  the  amplitude  modulation 
of  the  a-c  waveform  to  sow. 

One  other  optical  element,  the  optical  path  length  adjuster,  is  shown 
in  the  figure.  This  consists  of  &  pair  of  glass  vsdges,  ore  sliding  and 
one  fixed.  As  the  movable  wedge  slides,  the  pair  has  the  same  effect  on 
radiation  passing  through  them  as  would  a  plate  of  glass  having  a  varying 
thickness.  Thus,  sliding  one  of  the  wedges  changes  the  optical  path  length 
by  an  amount  proportional  to  the  motion. 

This  optical  element  servos  two  purposes.  It  adjusts  the  optical 
ays tea  for  pitch  of  the  vehicle,  making  stabilization  of  the  entire  optical 
unit  unnecessary,  and  it  improves  the  accuracy  of  the  values  of  terrain 
elevation  which  appear  as  the  output  of  the  system*  This  will  b*  shown 
in  tiio  discii3sica  in  the  next  section. 
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KW  EQUATIONS  m  PRELIMINARY  DESIGN 
ura  36  is  a  simplified  version  of  Figure  24, 


The  following 


Cufiaitions  of  tbo  symbols  are  the  same  as  those  used  in  the  section  on 
Stabilisation  and.  Computation  Requirements. 
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/  iju'e  3G>  Gerrairt  Senior  Geometry 


f(yur€  J7  Pt  t tA  -  rf*<s  Geometry 


a  ~  The  height  above  the  terrain  of  the  terrain  sensor,,  along  the 
direction  of  gravity.,  The  position  of  tho  censor  is  assumed 
to  be  above  the  front  point  of  contact  of  the  vehicle  track 
or  wheels  and  the  terrain. 

b  ~  The  difference  between  the  actual  terrain  elevation*  and  the 
elevation  as  measured  by  the  accelerometer  and  attendant 
circuitry.  The  value  of  b  is  a  slowly  varying  function  of  time, 
but  may  become  large  for  large  changes  in  terrain  elevation. 

CC  ~  The  depression  angle  of  the  optical  sensor.  It  is  measured  in 
the  vertical  plane,  and  is  the  angle  betv/een  the  horizontal 
and  the  direction  through  which  the  sensor  is  pointing. 

x  ■»  The  coordinate  of  the  terrain  along  the  horizontal,  measured 
from  the  present  position  of  the  vehicle,  positive  in  the 
direction  of  motion  of  the  vehicle. 

y  The  measured  vertical  coordinate  of  the  terrain,  positive 
upward. 

R  -  The  range  to  the  terrain  ahead  of  the  vehicle  measured  along  the 
direction  that  the  optical  sensor  is  pointing. 

Xc  -  '.'he  fixed  horizontal  distance  ahead  of  the  vehicle  at  which 
terrain  measurements  are  to  be  made. 

We  will  define  a  quantity  A(t): 

A(t)  *  a(t)  +  b(t) 


MiaaaMiaMk  iHMi  '.<«  IiP  m  -•m.wmmi-  - 

*  Above  some  absolute  reference  level. 
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A(t)  thus  represents  the  terrain  height  as  obtained  froa  the  integrated 
accelerometer  output,  it  accurately  represents  abort-ten  fluctuations 
in  the  terrain. 


It  can  be  seen  fron  Figaro  36  that 

y(t)  -  a(t)  +  h(t)  -  R(t)  sin  oC  (t) 

«■  A(t)  -  R(t)  sin  oC  (t). 

This  ranging  process  consists  in  adjusting  the  rocking  nirror  until 

X,}  «  R(t)  cos  ct  (t). 


'then  thin  holds,  vc  have 


y(t)  =  A(t)  -  Xc  tan  OC  (t)„ 

Nov  the  affects  of  vehicle  pitch  on  X  will  be  considered.  The 
allowable  stabilization  errors  in  cant  {motion  about  an  axis  parallel  to 
the  motion  of  the  vehicle)  and  pitch  (notion  about  an  axis  perpendicular 
to  the  cant  ex is  and  parallel  to  the  ground)  wore  discussed  in  a  previous 
section,  Tho  allowable  ms  error  in  pitch  (or  the  equivalent  error  in 
terrain,  cone or  depression  angle)  we 3  found  to  be  0,11  degree.  The  allowable 
error  in  c art  was  feuud  to  depend  on  the  criterion  used,  but  was  at  least 
If  ti rco  gi eater  than  the  allowable  pitch  error,  and  under  certain  conditions 


in  negligible 
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Becauao  the  effects  of  pitch  on  the  tormin  sensor  accuracy  ere  so 
much  greater  then  those  of  cant,  they  have  been  taken  into  a  coo  ant  in  the 
preliminary  design  stage*  This  is  done  as  follows:  la  Figure  37,  let  <f)  b* 
the  pitch  angle  between  s  nominally  vertical  reference  axis  in  the  vehicle* 
and  true  vertical,  and  let  9  be  the  measured  angle  of  the  rocking  mirror 
with  respect  to  this  axis*  Then  it  can  be  seen  fro*  the  figure  that 

CK  »  2  &  +  <f)  -  , 

and  that  therefore  (using  the  cotangent  to  eliminate  — 
y(t)  *  A(t)  4-  ZQ  cot  (2  9  +  <P  )» 


This  is  the  final  computation  equation* 


This  doss  not  complete  the  analysis,  however.  In  order  to  insure  that 
th'j  daproncicu  angle  arrived  at  as  a  result  of  rocking  the  flat  mirror 
actually  represents  the  depression  angle  to  a  point  on  the  terrain  a  fixed 
distance  7-c  ahead  of  the  vehicle,  the  equation 

Xc  -  R(t)  cos  oC  (t) 

mv.it  alv/ays  be  satisfied.  This  requires  that  the  range  measured  by  the 
optical  :v >.r. ziw  system  r.uat  be  a  function  of  cC  * 

•"  l-c-r  c:x'c.plc  the  optical  axis  of  the  primary  optical  system. 
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It  will  be  seen  that  what  is  required  is  that  as  the  angle  of  tbs 
mirror,  &  ,  and  the  vehicle  pitch,  <j>  ,  vary,  the  point  in  the  focal 
system  where  beet  focus  is  found  suit  be  varied* 

Letting  S  be  the  location  of  beat  focus,  Measured  from  the  back 
focal  point  of  the  optical  system,  and  measuring  S  from  the  front  focal 
position  of  the  optical  system,  if  the  focal  length  of  the  system  is  f  we 
have  the  requirement  that 

A  A 

<£,  *  sin  (2  G  +  $  ). 

*  Xc 

In  the  optical  system  described  above,  the  optical  path  length  is 
varied  to  accomplish  this,  by  sliding  one  of  the  glass  wedges  with  respect 
to  the  other  one.  This  method  makes  it  unnecessary  to  move  cither  the 
chopper  assembly  or  the  primary  mirror,  and  thus  simplifies  tha  maintenance 
of  optical  alignment, 

?R7.11KI?hmY  sismi  BLOCK  DIAGRAM 

A  functional  block  diagram  of  tfeo  system  described  is  presonted  in 
-Figure  53.  In  order  to  make  the  diagram  easier  to  follow,  Idle  system  has 
been  broken  down  into  three  stain  subsystems,  the  blocks  corresponding  to 
each  ore  being  narked  with  a  different  symbol.  The  blocks  marked  with  a 
double  circle  constitute  the  wain  optical  loop  of  the  system.  Those  having 
a  3(-;v,.'irc  cor, fpii.se  the  readout  and  terrain  elevation  computation  subsystem, 
b.osc  tarked  with  a  black  disk  perform  the  necessary  adjustment  of  optical 
rath  Icaf'th  described  above. 
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The  main  loop  contain*  first  the  controlled  rocking  mirror,  which 
directs  incident  radiation  onto  the  main  optics,  consisting  of  the 
parabolic  primary  and  necessary  folding  mirror*.  The  energy  pane**  through 
the  optical  path  length  adjuster  (the  prison  previously  described)  and 
then  tha  dual-thickness  chopper.  The  chopped  energy  falls  an  the  multiplier 
phototube,  which  produces  an  electrical  output.  The  chopper  is  driven  by 
a  aofcor  which  also  drives  a  reference  generator,  the  output  of  which  in 
used  in  the  phase  sensitive  detector  to  determine  which  way  to  drive  the 
rocking  mirror. 

The  readout  and  terrain  computation  subsystem  can  be  followed  through, 
starting  with  the  angle  sensor.  This  sensor  has  an  output  2  6,  twice  the 
angle  of  the  mirror  with  respect  to  a  fixed  axis  in  the  vehicle.  To  this 
quantity  iu  added  (p  ,  the  pitch  angle,  obtained  from  the  pitch  sensor. 

The  cotangent  of  this  angle  is  then  introduced  into  the  output  summer. 

Tine  integrated  acceleroccter  output  provides  the  other  input  to  the 
sissncr;  the  output  is  y,  the  desired  terrain  elevation. 

The  blocks  narked  with  black  disks  constitute  a  small  loop  for 
adjusting  the  optical  path  length.  The  path  length,  which  is  a  linear 
function  of  the  position  of  the  movable  prism,  is  sensed,  and  the  arcsine 
of  this  quantity  iti  compared  with  tha  sum  2  0  +  <p  computed  in  the 

previously  considered  subsystem.  This  comparison  generates  an  error  signal 
vMch  drives  tha  optical  path  length  adjuster  to  reduce  tl*e  error  to  sere. 
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CONSISTENCY  SENSOR  DESIGN 

la  this  section  &  preliminary  design  for  that  portion  of  the  terrain 
sensor  which  determines  consistency  is  discussed.  An  outline  of  the 
principles  of  operation  and  a  block  diagram  c f  the  necessary  processing 
electronics  is  given.  However,  os  pointed  out  earlier,  it  is  not  possible 
to  describe  in  detail  the  spatial  and  spectral  filtering  and  the  data 
processing  circuits  to  be  employed,  because  of  the  lack  of  adequate  terrain 
data  a 

-PrinciPlg-of  Juration 

The  consistency  sensor  is  designed  to  use  differences  in  texture  and 
spectral  content  for  determining  the  nature  of  terrain  obstacles.  It 
contains  an  optical  system  smaller  than  the  one  required  for  tho  automatic 
ranging  portion  of  the  terrain  sensor,  because  the  energy  required  for 
simple  spectral  or  terrain  analysis  is  much  less  than  that  required  for 
accurate  ranging.  This  optical  system  is  boresighted  with  that  of  the 
primary  optics  of  tho  automatic  rangefinder}  because  of  the  small  siso 
required  (a  ane~inch  diameter  aperture  should  be  sufficient)  it  can  be  a 
separate  system  looking  ov.t  through  the  same  tilting  mirror.  The  field  of 
view  of  the  consistency  sensor  is  identical  with  that  of  the  rangefinder. 

The  iaage  of  the  terrain  formed  by  tbs  consistency  sensor  is  analysed 
for  texture  and  spectral  content.  The  spectral  analysis  is  accomplished 
or  rotating  a  wheel  containing  various  wide-band  spectral  filters  in  the 
:i.-.e radiation.  (See  Figure  39.)  This  modulates  tho 
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Figure  39.  Rotating  Fitter  tVfreet  A>r  j/oectre/  Frut/ysis. 
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received  radiation  and  produces  an  electrical  waveform  at  the  output  of 
the  detector;  the  shape  of  this  waveform  is  a  function  of  the  spectral 
content  of  the  radiation.  Simple  analysis  of  this  waveform  by  synchronous 
rectification  allows  the  relative  amounts  of  energy  in  the  various  spectral 
regions  to  be  determined.  The  relative  levels  so  generated  can  be  used  to 
operate  switching  circuitry.  This  may  bo  very  simple  (for  example  the 
output  may  consist  of  any  one  of  three  signals  indicating  “rod,"  "blue," 
or  "medium"  color),  or  no re  complex  (including  the  relative  amounts  of 
energy  in  various  spactral  regions)  if  more  information  is  found  to  be 
useful. 

How  a  similar  process  is  performed  to  determine  the  amount  of  detail 
in  the  image;  this  corresponds  to  the  optically  observable  texture  or 
surface  roughness  in  the  terrain  being  viewed,  figure  40  is  a  sketch  of  a 
second  chopper  wheel,  bearing  various  transmission  patterns,  which  mght 
be  rotated  in  trie  .ai-age  plane  of  'lie  consistency  sensor  optical  system, 

As  different  portions  of  the  rotating  reticle  pass  through  the  image  of 
vie  field  of  view,  c  c  waves  of  different  amplitude  appear  at  the  output 
vl  the  detector.  The  relative  cuplitudes  of  these  waves  indicate  the 
•<  ••vr.i't  :u,f  nature  of  die  fine  detail  in  the  i&vige,  just  as  the  similar 
r’.y.’vls  rat': d  ty  the  rotating  spectral  filter  wheel  indicate  the 

•.r'.l  ctt'ccut  of  the  radiation  tier-  tho  field  of  view.  Again,  simple 
circuit;;  y.Ylov  tne  classification  of  the  return  into  "rough,"  "smooth," 

■V-  iv; r<  or  into  koto  highly  differentiated  categories. 

In  or;,  et-.c-i  the  tv.:  of orations  of  spectral  and  texture  analysis  are 
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combined;  as  will  be  seen  in  the  next  paragraph,  the  reticle  for  texture 
analysis  nay  be  laid  down  directly  on  the  spectral  filter  wheel. 

jaaMaasx 

The  consistency  determination  portion  of  the  terrain  tensor  is 
sketched  in  Figure  41.  It  consists  of  an  objective  lens  which  images 
the  field  of  view  on  a  field  stop;  as  described  previously  this  optical 
system  is  boresigjbted  with  the  automatic  rangefinder  portion  of  the 
terrain  sensor.  Behind  this  field  stop  is  the  rotating  reticle  or 
chopper  and  a  photomultiplier  tuba.  The  chopper  ia  rotated  by  a  small 
motor  which  also  drives  a  commutator  from  which  reference  signals  for 
synchronous  detection  are  derived. 

A  hypothetical  chopper  disk  is  shown  in  Figure  42.  This  disk 
contains  five  sections,  each  embodying  different  combinations  of  spectral 
and  spatial  filters.  As  various  portions  of  the  disk  pass  by  the  field 
stop,  a-c  signals  of  various  amplitudes  are  generated. 

The  data  processing  system  is  shown  in  block  diagram  fora  in 
Figure  43.  As  shown,  the  reference  signals  from  the  synchronous  pick- 
off  are  used  to  sort  out  the  particular  portions  of  the  detector  output 
which  correspond  to  each  sector  of  the  chopper  disk,  so  that  at  the 
output  of  each  of  tlte  fi7®  synchronous  detector*  a  signal  appears  which 
represents  the  result  of  chopping  the  inage  with  one  particular  sector 
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of  the  disk*  9mm  outputs  tr*  further  demodulated  to  yield  amplitude 
inf  oration.  the  resulting  eaplltuioe  are  compared  in  s  set  of 
conpsrstors  la  accordance  with  the  choeon  logic  for  consistency 
determination.  The  outputs  of  the  comparators  activate  an  output 
switching  Matrix  which  yields  an  indication  of  consistency  properly 
coded  for  use  in  the  suspension  system 


OPTICAL  CONSIDERATIONS 

The  general  optical  system  for  the  passive  rangefinder  is 
composed  of  tha  flat  pierced  mirror  which  directs  the  energy  to  the 
primary  mirror,  the  primary  mirror  of  parabolic  shape,  and  two  constant- 
thickness  elements.  These  are  1)  the  path-length  adjuster  consisting 
of  two  wedges  whoso  combined  thickness  adjusts  the  focal  position, 
and  2)  the  dual  thickness  chopper.  Thus  the  aberrations  in  the  imago 
will  be  a  function  of  those  three  elements. 

1,  Parabolic  Reflector 

The  parabolic  reflector  is  ideal  for  this  system  because  of  its 
"perfect"  imago  quality  on  axis,  whore  the  angular  blur  size  is 
theoretically  limited  only  by  diffraction.  The  effective  angular 


size  of  the  ou-axis  blur  spot,  at  the  diffraction  liait,  is 

2.44  /V  /D,  where  /<  is  the  wavelength  and  D  is  the  mirror  diameter. 

At  a  wavelength  of  0.6  micron  and  &  3  inch  diameter,  the  blur  is  0.005 
ni Hi radians.  In  prnotico,  the  diffraction  limit  is  not  realized  and 
the  actual  Image  size  required  over  the  whole  field  will  be  a  function 
of  the  off-axia  characteristics  of  the  paraboloid. 

There  are  three  aberrations  inherent  in  the  off  axis  image  of  a 
paraboloid.  They  are  coma,  astigmatism,  and  field  curvature.  The 
sagittal  coma  patch,  identified  here  as  ^  c,  is  the  width  of  the 
triangular  shape  containing  most  of  tho  energy.  The  total  height  of 
the  coma  patch  is  three  times  this  value.  The  sagittal  coma  blur  is 

c  *•  0.0625  Q  (f/#)*2  radians 

vJiare  6  is  the  off -coos  <tRgle,  and  t/f  is  the  fowl  ratio., 

‘(b a  astigitatic  angular  blur  of  the  paraboloid  is  given  by 

2  —1 

/3a  *  0.5  6’“  (x/ff)  radians 

The  field  curvature  of  this  type  of  system  is  not  strictly  an 
efcrre  tion,  Lut  if  the  chopping  motion  occurs  in  a  plane,  the  result 
is  that  when,  tho  bast  on-axis  image  is  chopped,  the  chopping  will  occur 
in  a  wrjicn  proaressivly  further  from  the  beat  image  as  the  field 
tuple  increases 
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teaming  that  the  beat  image  plane  lies  on  a  circle  whose  radius 
is  the  focal  length,  then  the  off-axis  chopping  (at  6  )  will  occur  a 
distance  x  along  the  optical  axis  from  the  beat  on-axle  image  where, 
to  a  good  approximation, 

x  ~  f(l-  Y  1-0*  ) 

and  the  angular  blur  duo  to  field  curvature  is 
|3fo  *  x(f/#)  1  radians 

Another  factor  affecting  these  aberrations  is  the  position  of  the 
limiting  or  entrance  aperture..  Coma  (  |3C)  does  not  vary  with  stop 
position.  The  above  relationship  for  the  astigmatic  blur  holds  for 
the  limiting  aperture  at  the  reflector  or  primary  objective 0  It  ia 
zero  v/haa  this  aperture  is  located  one  focal  length  in  front  of  tho 
reflector,,  and  varies  as  the-  square  of  this  separation.  Thus  for  the 
atop  positioned  a  distance  one- half  the  focal  length  in  front  of  the 

reflector,  |3  4l  is  ona-  fourth  the  value  obtained  from  the  above 

l 

equation. 

Assume  the  folloi-dug  design  parameter: 

-  3  Indies 

x/ii  •*  4  (f  *•  12  inches) 

B  -•  0,010  radian  (total  horizontal  field  equals  0,020  radian; 

total  vertical  field  equals  0,005  radian,) 


Therefore 


Com: 

Astigmatism 
Field 
Curvature 


3C  ~  (0,0625 ) (0.010) (4  r2  «  0.039  milliradian 
3  a  -  (0.5)(0.010)2  (4)“‘1  «  0.013  MlHradian 
x  **  0.006  iaoh 
£c  «  0.015  Rd  111 radian 


The  contribution  from  coca  is  the  largest  and  determines  the 
resultant  resolution  over  the  whole  field.  Since  coma  is  not  & 
function  of  tide  position  of  the  entrance  aperture,  this  stop  position 
say  be  put  at  any  convenient  place.  The  somatic  blur  is  8  tinea  the 
diffraction  Unit.  At  a  range  of  44  feet,  this  blur  size  corresponds 
to  a  resolution  of  0.02  inch  in  the  object  plane. 

Path-Length  Adjuster 

The  path-  -length  adjuster  is  composed  of  one  sliding  and  one  fixed 
ycdge  mounted  together  to  form  a  parallel  plate  cf  variable  thickness. 
As  the  sliding  wedge  moves,  the  focal  position  for  a  particular  range 
changes.  This  serves  to  adjust  for  vehicle  pitch,  and  to  keep  the 
optical  system  pointed  a  fixed  horizontal  distance  ahead  of  the  vehicle. 


Two  factors  must  bo  considered  .in  regard  to  the  optical  effects  of 
the  parallel  plate.  These  are  1)  the  relationship  between  the 
combination  of  the  effects  of  the  thickness  of  the  plate,  T,  the  optical 
index  of  refraction,  n,  and  the  focal  position  displacement,  and  2) 
the  amount  of  aberration  introduced  by  the  plate.  The  image  shift,  S, 
cen  be  stated  to  a  good  approximation  by 

to* 


( 


s 


T(1  -  -£-) . 
n 


The  above  shift  can  also  bo  related  to  the  change  in  object  distance 
from  the  relationship 


ax 


AX 


where  Ax'  is  equal  to  S,  Ax  is  the  equivalent  object  distance 
shift,  and  f  is  the  focal  length,,  So 


AX  = 


ro-ir). 


The  maximum  change  iii  the  object  distance  that  may  occur  is  or. 
the  order  of  one  foot-  This  valuo  is  determined  by  assuraing  t’lat 
the  optical  system  views  first  the  level  terrain  a  distance  of  44 
feet  abea-J  of  the  vehicle  and  then  the  terrain  slopes  downward  an 
equivalent  of  5  feet  during  the  next  44  feet0  Thus  if  f  ~  12  inches , 
and  A  ;;  ®  12  inches. 


T(1  -  -~p)  -  ,0062  inch 


anl  A T  is  the  KAXitaum  change  in  thickness  requirod-  If  n  ~  1-5, 


Ari  **  ,019  inch  , 


( 
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If  the  wedge  eagle  is  10°,  the  movable  wedge  must  shift  a  total 
of  0.11  inch  to  produce  the  above  value  of  AT. 


The  other  consideration  is  the  amount  of  spherical  aberration 
caused  by  the  path-length  adjuster.  The  angular  blur  introduced 
by  the  spherical  aberration  of  a  parallel  plate  of  thickness  T  and 
index  n  is* 


*(?/*)(  "  n 


radians. 


For  a  focal  length  of  12  inches,  a  focal  ratio,  (F/#)j  equal  to  4 
and  n  =*  1.5,  the  above  relationship  reduces  to 

|3g  ~  0.15  mi lli radians  (T  in  inches). 

\ 

Thus  a  thicknosu  of  026  inch  would  give  a  blur  siae  equal  to  the 
Kaxiiaiaa  coca  tie  blur  q ,,  of  0.039  ad lli radian,  as  computed  above. 

I 

If  the  value  of  mtud-Eua  blur  is  assumed  to  bs  equal  to  0.10 
r„il2iradl.nr.  {?.s  taken  in  the  previous  section)  an  equivalent 

*  ihia  rat'ser  cumbers  er/c  expression  can  be  readily  obtained  from 
s C.-.-.0  simple  geaaotriail  considerations  using  the  paroxial  and 
virginal  rays  cud  Snell's  law. 


( 
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spherical  aberration  blur  j3  s  would  be  introduced  by  a  parallel 
plate  thickness  of  0*67  inch.  The  wedge  may  easily  be  kept  to  much 
less  than  this  value  and  thus  spherical  aberration  presents  no 
problem* 

In  case  greater  resolution  is  required,  it  would  be  possible  to 
manufacture  the  paraboloid  to  allow  for  the  thickness*  Since  the 
final  polishing  of  a  parabola  is  performed  using  a  method  like  the 
"knife-edgo"  test  it  should  be  easy  to  perform  this  operation  to 
allow  for  the  parallel  plate, 

3-  Dual-Thickness  Chopper 

The  same  considerations  apply  to  the  optical  effects  of  the  dual- 
thickness  chopper  as  wore  discussed  for  the  path-length  adjuster, 

The  chopper  acts  ns  a  parallel  plate  with  either  of  two  thicknesses 
which  will  introduce  both  imago  position  shift  and  spherical  aberration. 

In  the  pjT!\icim  section  a  derivation  is  given  for  the  value  of 
s>;n.viti ty  (  L>  xj^j,  using  the  proposed  system  design  parameters „ 

'  : •■oi'inu.it  ••ifferoncs.  2  A  between  the  two  image  positions  as 
c‘. vo, •;:i.r,ed  :  the  dtir.’ -thicknoss  chopper  was  found  to  equal 
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Using  the  same  system  parameters  as  before  where  0  ,  the  angular 
diameter  of  the  optical  blur  equals  10"*  radians,  D,  the  diameter  of  the 
optics  was  3  inches,  and  a  focal  length,  f,  of  12  inches,  results  in 


2  <1  ^  -  Q„Q096  inch 


in  order  to  effect  this  shift  in  i’ccal  position,  the  change  in 
thiclcnass  .required  {n  *  l. 5)  is 

T  ?°996  -  ,029  inch, 

/-  J~ 

/r 

i'.'ov;  spharical  aberration  is  a  function  of  the  actual  thickness  of 
V':  •.•'ui-'c  ii'-  7h5n  o.vsid  easily  he  kept  to  around  a  value  of  0-1  inch, 
f.id  -he  tntr.i  coricrAViit?  on  to  spherical  aberration  is  again  not  of 
Lr..x  iarvo  {  f\  c  •*  0.  Olb  .nr). 

I' 

i 

’  athod  of  producing  v.bis  image  shift  besides  a  dual  thickness 
c.  :  :\:  t!  o  of  tvr.  isr/ortcd  half -disks,  cadi  of  different  indices 

.cv::.c>,  •  The  follouiu*  relationship.. 

~  ft-  • 
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represents  tl»  index  change  necessary  to  produce  a  focal  shift  of 
&  s„  For  a,  the  value  of  index  for  one  of  the  materials*  equal 
to  1.5,  T  equal  to  0.1  inch,  and  A  S  equal  to  0.0096  inch* 

An  -  0.22  o 


Combination  of  the  various  optical  glasses  of  own  and  flint  may 
be  readily  found  to  exhibit  this  value  of  difference  in  index  of 
refraction. 

Another  aberration  that  must  be  considered  in  the  use  of  the 
chopper  and  the  path-length  adjuster,  is  longitudinal  chromatic 
aberration.  It  is  proposed  to  use  an  S-20  wavelength  region  which  is 
responsive  between  about  0,32  to  0,62  microns..  The  variation  in 
index  of  refraction  over  thin  wavelength  region  for  the  optical 
material  or  materials  used  in  the  wedges  and  chopper  will  introduce 
chromatic-  aberration. 


Assuiso  that  the  total  thickness  of  the  optical  elements  is  0,2 
inch,  A  typical  low  dispersion  crown  glass  exhibits  a  change  in 
index  of  about  .035  over  this  wavelength  region,  at  a  nominal  index 
value  of  1,52.  The  equivalent  change  in  focus  is 


AS  =  -%$  X  0.035  «  .0025  inch 
1.52 
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This  is  only  a  factor  of  four  loss  than  the  required  shift  in 
focus  caused  by  the  dual-thickness  chopper.  Thus  scan  aohrt—  time 
is  required  in  the  optical  design.  The  wedges  and  chopper  disc  nay 
be  color-corrected  by  constructing  then  of  different  sate rials.  This 
is  entirely  feasible.  The  detailed  calculations  demonstrating  tins# 
achromatic  elements  are  not  considered  important  at  the  present  state 
of  design 

Conclusion 

The  following  table  susmarizes  the  various  optical  design  parameters 
discussed.  In  general,  there  ore  no  serious  optical  design  problems.  The 
optical  elements  are  we.ll  within  the  state  of  the  art.  The  parabolic 
primary  mirror  should  only  be  of  moderate  cost.  For  production  quantities; 
replica  mirrors  can  fee  made  at  low  cost. 
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SUMMARY  or  CM  A  AC  TSA/ST/CS 
OA  OP  r /CAL  £L£M£r/rs 
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0*3"  A/2' 
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(Oavi/t  hlutot) 

7~-  AU"  OO  •) 
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0.  OOS  mr 

— 

-■ 

CORA  ( &/z  —  /O  mr) 

0.039 /nr 

— 

— 

Asr/G*tArssM 

0.0/3  mr 

_ 

— 

P/£io  cuppa  rose 

O-O/S'mr 

— 

— 

3PP£R/CPl  ABCRRAT/cA 

0. 0/3~ mr 
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CRROMfir/C  AAARRAT/OP 

_ 
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KMfVMSr/X  - 
Ar/oP 
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Al  *  0.0/9* 
7*  tat  latex*/ ^ 
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or  an  xOlZ 
(n  -  /.  f) 

DC  3  tort  o&J£Crir£. 

/MtrGC.  Stl£ 

O.  /O  mr 

O-  tO  mr 

O.  /<?  rr?p 
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MODULATION  IN  THE  TERRAIN  SOSOR 


When  a  chopper  is  moved  in  the  image  space  of  aa  optical  system,  the 
resulting  modulation  of  the  transmitted  radiation  say  be  due  to  either  of 
two  separate  effects.  One  of  these  effects  nay  be  called  detail  chopping* 
It  results  from  the  detail  in  the  image:  point-to-point  variations  in  the 
intensity  of  tho  target  result  in  fluctuations  at  the  detector  as  the 
chopper  alternately  transmits  energy  first  from  one  small  portion  of  the 
field  of  view  and  then  another.  This  is  the  effect  which  is  exploited  in 
image-pl&ne  location 

The  other  of  the  effects  may  be  called  field  chopping.  The  chopper 
and  field  stop  (which  may  be  the  detector  area  itself)  together  nay  cause 
the  energy  falling  on  the  detector  to  fluctuate  even  if  the  object  field 
is  uniformly  illuminated,  because  when  tho  chopper  is  in  certain  positions 
vdth  respect  to  the  field  stop  more  radiation  is  transmitted  than  when  the 
relative  positions  of  chopper  end  field  stop  are  slightly  different. 


It  is  ir.poxt-iat  to  reduce  or  eliminate  field  chopping  in  a  ranging 
system,  because  field  chopping  generates  a  large  signal  which  is  independent 
of  the  relative  positions  of  the  image  plane  and  chopper;  this  dilutes  the 
si;ytnl  which  results  from  detail  chopping  and  thus  makes  it  more  difficult 
to  determine  the  location  of  the  plane  of  best  focus  „ 


This  can  be  seen  from  a  rather  general  discussion.  Suppose  the  signal 
das  to  detail  chopping  is 
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SU)  «  S0(/*CCOA  ZTTfit )  Co*.  Zfffc  t  , 


as  before,  where  €  can  be  approximated  as  a  linear  function  of  the 
object  displacement*  Then  the  minimum  detectable  value  of  £  can  be 
translated  directly  into  range  accuracy,  as  was  done  before.  If  no  field 
chopping  occurs,  this  minima  detectable  fractional  modulation  £  is 

i  ■  -  -2.QL.  (Af)U 

where  O  is  the  input  noiso  power  per  unit  bandwidth,  and  Af  ic  the 
system  bandwidth,, 

Now  if  field  chopping  is  present,  it  results  in  adding  to  the  above 
signal  another  unmodulated  signal  of  the  same  frequency  but  possibly 
different  phase,  and  the  result,  S^t),  is 

3,(6)  =  So  (/  +  €  COA  ZTTpt )  COA  Zirf't  *  $f  COA  (2TTfc  £oc) 


where  the  amplitude  of  the  signal  due  to  field  chopping  is  Sj  and  0C 
represents  an  arbitrary  phase  angle. 

This  can  bo  written  as 
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S,(t)  -  J<So(7  *■  c  com.  zrrjot )  *  Sf  coma^com,  2irfct  - 
~  [  Sf  Atrtfn  |  x>< n  zirfc  t 


and  hence  if 


(3(t)  =  tan 


5 1  Mince 


Sa(f  *■  Z.COM21Tpt)  +S/COM& 

<5,  (t)  =  ]J  [S„  {  /  +  €  coo  unfit)  *  Sf  caox^  *  [5f  Minx.  ]*  *  Caa  *■  j3(t)  j 

-  ^So*  >  2 S,St  Coo£  *S/)  *  Z(S *  *  5»Sf  coox)Ccao2Trfit  *(So(.Cao2JTfitf  x 
*  coo[zirfit 


V.'hisn  £  ic  snail,  this  can  be  approximated  as 


5',llx  'Sj{,  . 

*  coo[  zrrfc  t  *  pw]  . 


'ibis  expression  again  I'epres:  n'cs  *a  modulated  carrier,  but  now  the  amplitude 
of  tl.e  currier  is  given  by  live  radical,  and  the  fractional  modulation  is 
f- o  coefficient  of  cos  2  '/T  p'c ,  Hence  the  minimum  detectable  modulation, 

:i-  9ati*"ic3 
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Thus  in  tho  presence  of  the  disturbing  signal  due  to  field  chopping, 

(  €.  x)sain  depends  on  (£.  ,  which  represents  the  phase  difference  between 
the  average  signal  due  to  detail  chopping  and  tie  signal  due  to  field 
chopping* 

When  OC  «  0,  {  £  1)Bdn  *  C  Bin 

where  £  is  the  Minimum  detectable  modulation  with  no  field  chopping* 

If  on  the  other  hand,  OC  -  7r/Z  > 


rad  it  in  this  case  is  large 

(£.)nun  **  ^m.n  . 

Thus  in  the  worst  case,,  tho  adniaua  detectable  modulation  is  increased  by 

s  <* 

the  ratio  •  and  hence  the  range  accuracy  is  decreased  bjr  the  same 
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factor.  This  is  especially  bad,  since ,  in  any  case  range  accuracy  is  least 
when  there  is  little  detail  in  the  image,  making  30  small;  and  it  is  under 
just  such  conditions  that  the  effect  of  a  large  constant  Sf  will  cause  the 
maximum  effect. 

The  effect  would  be  reduced,  of  course,  if  OC  could  be  chosen  as 
zero;  however  CC  depends  on  the  nature  of  the  object  field  and  so  cannot 
be  controlled. 

Another  factor  which  must  be  considered  in  the  design  of  the  terrain 
sensor  is  the  choice  of  the  modulating  frequencies.  In  order  to  achieve 
the  previously  calculated  range  accuracy,  it  is  necessary  that  no  disturbance 
appear  in  the  system  at  the  carrier  modulating  frequency  p„  Any  such 
disturbing  signal  appears  at  the  output  jis  noise  in  the  output  pass-band 
of  the  system,  and  consequently  reduced  system  accuracy. 

In  tha  employment  of  the  terrain  sensor  a  built-in  mechanism  exists 
for  producing  such  undesirable  disturbances-  This  mechanism  is  the  motion 
of  the  terrain  through  the  field  of  view  of  the  device  as  the  vehicle  moves 
along.  As  various  portions  of  tlie  terrain  having  various  degrees  of 
brightness  move  tlirough  the  field  of  view  of  the  sensor,  the  carrier 
generated  by  detail  chopping  is  modulated  by  a  wide-band  &~c  signal.  Most 
of  the  energy  in  this  signal  i3  concentrated  at  low  frequencies,  and  so  if 
the  modulating  frequency  is  chosen  to  be  high  enough,  the  modulation 
produced  by  the  terrain  motion  will  not  interfere  with  the  ranging  process, 
do-rvj r,  the  magnitude  of  oho  effect  requires  further  study. 
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LIMITS  OH  SENSOR  OPERATION 

INTRODUCTION 

In  this  section  the  effects  of  atmospheric  conditions  on  the  operation 
of  the  terrain  sensor  and  the  problems  of  increasing  the  operating  range 
of  the  sensor  are  described.  The  discussion  of  atmospheric  effects  is 
separated  into  two  parts.  The  first  covers  the  effects  of  atmospheric 
turbulence  ("shimmer,”  "boil")  on  the  performance  of  the  sensor}  the 
second  discusses  the  effects  of  climatic  conditions.  On  the  basis  of  the 
effort  reported  here,  it  is  concluded  that  neither  turbulence  nor  climatic 
conditions  normally  encountered  will  seriously  reduce  the  effectiveness 
of  the  terrain  sensor.  Finally,  it  is  shown  that  the  operating  range  of 
the  terrain  sensor  can  be  increased,  but  that  many  factors  must  be 
considered  in  doing  this. 

EFFECT  OF  ATMOSPHERIC  TURBULENCE 

If  the  air  between  the  terrain  end  the  terrain  sensor  is  still  and 
clear,  it  has  no  effect  on  the  performance  of  the  optical  system*  but 
commonly  the  atmosphere  is  a  turbulent  medium  of  varying  refractive  index 
ar.  a  result  of  non-uniform  heating  by  the  earth  and  non-uniform  mixing  by 
the  wind.  This  lack  of  homogeneity  of  the  atmosphere  may  affect  the 
performance  of  optical  instruments. 

Throe  affects  on  the  image  formed  by  optical  instruments  may  be 
distinguished.  These  arc  intensity  fluctuations,  generally  called 
scintillation,  image  motion,  and  image  blurring.  These  will  be  discussed 

3 Optra tely  below. 
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There  la  quite  *n  extensive  literature  on  these  atmospheric  effects. 

One  of  the  best  bibliographic*  is  given  by  wimbush.*  However*  most  of 
this  literature  applies  to  the  affects  of  the  atmosphere  on  stellar 
observations  and  on  long  range  terrestrial  observations*  and  little 
investigation  has  been  directed  to  the  affects  of  the  turbulent 
atmosphere  aade  at  the  range  the  terrain  sensor  is  to  operate*  (about 
44  feet).  One  reason  for  this  is  that  atmospheric  effocts  increase  with 
the  length  of  the  optical  path*  and  therefore*  the  effects  generally 
constitute  a  problem  only  when  precision  observations  (as  with  an 
astronomical  telescope)  are  to  be  made  over  long  paths  through  the 
atmosphere.  Thus  it  can  be  said  at  the  start  that  the*tezv&in  sensor 
would  be  expected  to  be  relatively  unaffected  by  atmospheric  effects* 
because  of  the  short  path  length,  involved. 

In  discussing  atmospheric  effects,  the  effect  of  intensity  fluctuations* 
or  scintillation,  may  be  considered  first.  Scintillation  is  commonly 
observed  in  tho  tviuklj  of  the  stars  at  night.  If  the  energy  received 
from  the  target  area  fluctuated  iu  the  same  way,  it  would  produce 
amplitude  modulation  of  the  detector  output*  and  this  would  interfere  with 
the  determination  of  beat  focus,  since  the  latter  is  measured  by  reducing 
tho  envelops  modulation  to  aero  (at  one  frequency). 


Wimlmsh,  Mark  H.  Optical  Astronomical  Seeing:  A  Review.  Hawaii 
Institute  of  Geophysics,  University  of  Hawaii,  Honolulu s  Hawaii. 
Contract  AF19(e04)-2292,  May  1961. 
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Intensity  fluctuations  are  generally  measured  by  observing  a  point 
source  of  energy.  Under  these  conditions  the  percentage  modulation 
increases  linearly  with  range.*  Under  the  worst  conditions  measured  in 
the  program  at  the  University  of  Michigan,  the  extrapolated  value  for 
modulation  would  be  about  UJ  at  a  range  of  44  feet. 

On  the  other  hand,  when  looking  at  an  extended  source,  such  ao  the 
terrain,  these  effects  are  much  smaller;  in  the  ease  of  stellar  observations, 
for  example,  the  planets  appear  to  twinkle  less  than  the  stars.  Also,  the 
greater  part  of  the  fluctuations  occur  at  frequencies  below  100  cps.  Hence 
if  the  modulation  produced  by  the  relative  shift  of  the  chopper  and  optical 
system  is  considerably  above  this,  the  effect  of  such  intensity  fluctuations 
is  still  further  reduced. 


the  second  atmospheric  effect  to  be  considered  is  image  motion,  or 

variations  in  the  lino  of  sight  to  a  fixed  target.  The  principal  data 

available  cn  this  subject  cornea  from  astronomical  measurements „  Under 

conditions  of  very  poor  seeing  it  is  observed  that  tho  motion  of  the 

iaiage  of  a  star  is  on  the  order  of  10  seconds  of  arc  (about  0.05 

if&niradian).  this  particular  effect  i3  due  primarily  to  the  lower 

layers  of  the  atmosphere  in  vhich  the  telescope  is  immersed,  and  so 

possibly  gives  a  good  indication  of  the  amount  of  image  nation 

^iicllaircT,  f'J  r'„  and  Ryanor ,  K  ,  Scintillation  and  Visual  Resolution  Over 
the  Ground.  Institute  of  Science  and  Technology',  file  University  of 
Michigan.  Contract  DA-36  -039-  5C--78801.  September  1961. 
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experienced  when  looking  horlson tally;  with  the  reservation,  however, 
that  the  effects  observed  through  «  horisontal  path  near  the  surfaoe  of 
the  terrain  night  be  somewhat  greater  doe  to  greater  turbulence  at  the 
surface. 

It  does  not  appear  that  inage  notion  will  be  a  problem  in  the 
operation  of  the  terrain  sensor,  for  the  following  reasons.  The  path 
length  in  the  lower  atmosphere  is  very  short  compared  with  those  for 
astronomical  observations;  this  is  expected  to  more  than  compensate  for 
the  effect  of  greater  turbulence  near  the  surface  of  the  terrain,,  Inage 
motion  of  0.05  mi 111 radian  is  less  than  the  optical  resolution  of  the 
system,  and  very  such  smaller  than  the  field  of  view  (which  is  about  S 
mi  Hi  radians  by  20  milliradians )  so  motion  of  the  image  is  expected  to 
have  no  observable  effect. 

The  third  effect  is  that  of  imago  blur.  Image  blur  is  the 
enlargement  of  the  image  of  a  point  target  and  can  be  distinguished  from 
the  relative  motion  of  different  parts  of  an  image  with  respect  to  another; 
the  latter  does  not  affect  the  perforaance  of  an  image  plane  location 

system. 

Lens  applicable  information  is  available  on  the  amount  of  image  blur 
to  bo  expected  than  on  image  notion  and  scintillation,  because  most 
«*as«i»Rtfcs  ruid  observations  represent  the  time  averaged  effects  of 
atmospheric,  turbulence  on  point  targets,  rather  than  the  deterioration  of 


extended  images  when  they  are  observed  for  a  very  short  tine. 

The  image  blur  night  be  taken  to  be  due  to  the  independent  notion  of 
various  neighboring  points  of  the  image.  Since  as  reported  above  inage 
motion  is  expected  to  be  less  than  0.05  ndlli radian,  blurring  due  to  this 
effect  would  not  apparently  reduce  the  observable  detail  in  the  inage. 

Image  blurring  say  be  a  low  frequency  phenomenon  which  is  not 
observed  when  integration  times  are  short.  Atmospheric  turbulence  ia 
not  generally  considered  to  degrade  the  resolution  of  photographs  made  with 
relatively  short  exposures.  The  terrain  sensor  has  a  resolution  of  about 
photographic  quality  and  operates  with  chopping  rates  on  the  order  of 
1/1000  second  or  less  and  hence  would  be  similarily  unaffected. 

Image  blurring  is  canaonly  observed  only  with  long  optical  paths. 

To  gain  a  qualitative  fueling  for  its  effects  at  short  ranges,  objects 
were  examined  outdoors  at  ranges  on  the  order  of  SO  feet  with  binoculars, 
which  permitted  fine  detail  in  the  objects  to  be  studied.  lines  of  sight 
extended  over  asphalt,  concrete  and  earth.  At  no  time  was  any  image 
blurring  observed,  and  in  particular,  detail  on  the  order  of  1/16  inch 
(which  corresponds  to  0.1  mi Hi radians  at  50  feet)  such  as  blades  of 
grass,  leters  on  boxes  und  so  £b  rth  were  clearly  visible.  Therefore  it 
is  felt  that  image  blurring  will  not  affect  the  performance  of  the  terrain 
sensor  system. 

In.  summary,  it  may  be  said  that  because  of  the  short  ranges  involved 
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and  the  resolution  requirements  on  the  optical  system,  no  significant 
degradation  in  performance  is  anticipated  aa  a  result  of  atmospheric 
turbulence o 

EFFECT  OF  CLIMATIC  CONDITIONS 

The  effectiveness  or  accuracy  of  the  terrain  sensor  will  be  reduced 
by  various  climatic  conditions  such  as  fog,  base,  duet,  rain,  and  snow. 

In  general  these  factors  have  about  aa  much  effect  on  the  terrain  sensor 
as  they  do  on  human  vision.  That  is,  the  terrain  sensor  makes  use  of 
the  visible  spectral  region  and  ia  quite  sensitive,  and  so  it  is  not 
unduly  affected  by  climatic  conditions;  on  the  other  hand,  the  sensor  is 
not  able  to  see  into  or  through  such  phenomena  to  any  greater  extent  than 
can  a  huit'an  being.  Incideatially,  it  may  be  assumed  that  the  driver  of 
the  vehicle  ams'c  see  the  terrain  in  order  to  operate  the  vehicle,  and  so 
it  may  be  expected  that  the  speed  of  the  vehicle  will  have  to  be  reduced 
anyway  under  conditions  of  reduced  visibility,  so  the  requirements  on  the 
terrain  sensor  may  then  be  less  severe. 

Fog,  base,  and  dust  have  similar  effects  on  optical  instruments. 

Each  of  those  consist  of  small  particles  of  various  sixes  which  scatter 
sksc  of  tiic  light.  Thus  they  reduce  somewhat  the  amount  of  illumination 
falling  ;t:i  the  object  being  observed,  and  they  interrupt  some  of  the  light 
corning  fro;-,  the  target  to  the  observer.  Such  a  scattering  medium  has  no 
effect  ou  rite  sharpness  or  resolution  with  which  such  an  object  is 
observed ;  it  dons,  however,  reduce  the  observed  contrast  of  the  object. 
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This  effect  increases  with  range,  and  at  long  ranges  objects  cannot  be 
detected  not  because  they  hare  become  blurred,  but  because  their  contrast 
with  the  background  drops  below  the  hianan  (or  instraaental)  threshold. 

The  contrast  of  objects  observed  at  range  x  is  given  by* 

cx~c0g1“ 

where  Cx  is  the  contrast  at  range  x,  Gq  is  the  contrast  in  the  abaenoe 
of  the  scattering  medium,  and  |3  ,  the  scattering  coeffidont,  depends 
on  the  nature  of  the  median. 

For  a  given  medium  the  visual  range  Vn  is  defined  as  the  value  of  x 
which  makes  Cx/C0  *  0.02,  since  the  contrast  threshold  for  normal  human 
vision  is  about  2%a  Hence 

0.02, 

p  -  3.912An,  and 

Cs  =  C0  <2Ap  [  -  MS*  ] 

n 

IMs  expression  allow  the  contrast  reduction  to  be  calculated  as  a 
function  of  range  x,  if  the  visual  range  Vn  is  known. 

*  Handbook  of  Geophysics  p  14-14 

188 


Za  the  calculation  of  the  porfornanoe  of  the  terrain  senior  la  the 
previous  section,  it  was  shown  that  the  noise-equivalent  range  increment 
at  44  feet  was  0.016  inch  for  the  system  described.  An  actual  system  will 
not  be  designed  to  have  this  accuracy,  since  achieving  this  performance 
would  require  unnecessary  refinement  in  design.  This  range  accuracy 
calculation  shows  that  the  inherent  noise  in  the  ranging  process  will 
not  normally  affect  the  accuracy  of  the  system.  It  will,  however,  became 
a  factor  when  the  calculated  range  accuracy  approaches  the  system  require- 
meats  of  2  inches.  This  expression  just  calculated,  permits  the 
determination  of  the  visual  range  which  exists  when  the  latter  condition 
occurs. 

Inspection  of  the  range  equation  shows  that  the  factors  of  interest 
here  can  be  sumsarised  in  the  proportionality 

AK^ 

where  Ax  is  tfao  range  accuracy,  m  is  the  fractional  modulation  produced 
by  the  chopper,  and  I  is  the  intensity  of  light  falling  on  the  object.  It 
i3  cloer  that  n  is  a  linear  function  of  the  contrast  G.  Hence 
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where  C  is  the  contrast  in  the  object  field  in  the  absence  of  scattering, 

0X  is  Che  contrast  in  the  presence  of  scattering,  (  A  x)0  and  ax  are 
the  noise  equivalent  range  increments  in  the  absence  and  presence  of 
scattering,  and  1  and  I0  are  the  intensities  of  illumination  of  the  object 
field  with  and  without  the  scattering  medium;  172  «•  3 <,912  X  44- 

Suppose  that  ax  is  to  be  2  inches,,  If  (  ax)0  -  0»016  inch,  and 
I0/l  «  10  (corresponding  to  a  10-fold  reduction  in  available  energy  due 
to  the  presence  of  the  scattering  medium),  then 

7n  -  4608  feet,, 

Thus  for  the  assumed  conditions  terrain  contour  measurement n  can  be  made 
when  the  visual  range  is  only  about  50  faet, 

i'iJ.s  suggests  that  under  some  conditions  of  bad  visibility  the  terrain 
sensor  tony  permit  operation  of  a  cross  country  vehicle  at  higher  speed 
than  otherwise  would  be  possible,  since  it  would  serve  as  an  obstacle 
varnius  iievi.es  which  coal.d  see  cs  far  as  the  vehicle  driver,  but  would  have 
a  much  shorter  reaction  timo„  For  simple  obstacle  warning,  less  range 
accuracy  weald  probably  be  satisfactory;  lowering  the  requirement  for 
range  accuracy  increase j  the  effectiveness  of  such  an  obstacle  warning 
Still  iurtuuW 

"Jiii!  discussion  so  far  applies  to  fog,  haze,  and  duct,,  The  analysis 
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of  the  effects  of  rain  and  snow  is  no  re  difficult  because  the  particle 
site  is  much  larger  and  simple  attenuation  relations  may  not  apply 
exactly*  However,  it  is  believed  that  the  above  calculations  give  a 
fairly  good  representation  of  operation  in  rain  and  snow,  and  so  it  appeal's 
that  the  terrain  sensor  will  be  effective  under  most  conditions* 

Other  problems  remain,  of  course*  For  example,  the  window  through 
which  the  terrain  sensor  looks  must  be  kept  fairly  free  of  rain,  snow,  dust, 
or  condensation*  This  has  not  been  considered  at  this  stage  of  the  study. 

Another  problem  which  has  not  studied  in  detail  is  the  effect  of 
climatic  conditions  on  the  determination  of  consistency.  However,  the 
following  observations  may  be  made.  First,  because  scattering  media 
cause  only  loss  of  contrast,  the  amount  of  detail  in  an  image  is  unaffected 
by  scatter,  and  so  texture  analysis  is  relatively  unaffected  by  fog,  haze, 
and  dust.  Also,  fog  and  dust  consist  of  particles  of  various  sites,  but 
the  largest  particles  art  most  cffoctive  in  causing  scattering,  and  the 
larger  particles  are  typically  greater  than  1.0  micron  in  diameter.  For 
particles  of  this  sire,  scattering  in  the  visible  region  is  independent 
of  spectral  wave  length,  and  so  spectral  analysis  is  expected  to  be 
relifcivoly  unaffected  by  fog  and  dust.  Haze,  on  the  other  hand,  consists 
of  viry  r.:.:"Xl  particles  and  scattering  is  a  function  of  spectral  wave 
length..  (This  is  observed  in  the  bluish  cast  haze  gives  to  distant 
•rntitcAar.. )  However,  the  effect  of  haze  at  ranges  of  40  or  50  feat  is 
usually  rot  too  pronounced,  and  so  this  may  not  interfere  with  spectral 
analysis,  either , 
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DAY  OR  NIGHT  OPERATION 


If  a  light  source  is  not  available  on  the  vehicle,  operation  of  the 
passive  terrain  sensor  is  limited  to  daytime  hours.  However,  if  a  light 
source,  which  may  be  either  an  ordinary  headlamp  or  a  special  narrow  beam 
lamp  is  provided  for  night  use,  the  sensor  trill  operate  both  day  and 
night.  The  passive  sensor  makes  use  of  all  the  energy  reflected  from  the 
terrain  in  its  spectral  region,  and  so  during  twilight  hours  a  mixture  of 
natural  and  artificial  light  may  be  used  with  no  advorse  effect  on  the 
ranging  process.  (Such  an  adverse  effect  would  be  expected  if  the 
natural  light  constituted  an  undesirable  background  to  operation  by 
artificial  light.) 

The  mixture  of  light  at  twilight  may  affect  consistency  determination 
by  spectral  analysis,  if  different  techniques  or  filters  are  used  in 
natural  and  artificial  light.  One  solution  would  be  to  filter  the 
transmitted  light  to  match  the  spectral  characteristics  of  sunlight, 
although  this  solution  introduces  several  problems.  It  reduces  the 
energy  available;  this  effect  is  not  too  serious,  since  much  of  the 
energy  removed  by  filtering  lies  outside  the  spectral  region  in  which 
the  photomultiplier  responds.  Filtering  a  light  source  constitutes  a 
problem  because  the  filter  must  absorb  rather  large  amounts  of  energy. 
Finally,  if  ordinary  headlamps  rather  than  special  sources  are  used,  this 
solution  is  not  satisfactory,  because  special  lamps  would  be  required. 

The  alternatives  to  filtering  the  transmitted  radiation  are  to  filter 
ti  e  received  energy  and  adjust  the  amount  of  filtering,  or  to  make  the 

response  of  the  consistency  sensor  relatively  independent  of  the  nature 
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of  the  light  source.  The  extent  to  which  either  of  these  can  be  done 
cannot  be  determined  without  further  analysis  of  the  technique  of 
consistency  determination. 

RANGE  LIMITATIONS 

The  terrain  sensor  design  has  been  based  on  the  concept  of 
determining  the  contour  of  the  terrain  with  &  vertical  accuracy  of  £ 

2  inches,  and  a  distance  of  44  feet  ahead  of  the  vehicle,  as  noted  in 
Monthly  Progress  Report  No.  1. 

Under  normal  conditions,  the  sensor  is  capable  of  measuring  the 
range  to  the  terrain  a  greater  distance  ahead  of  the  vehicle.  If  tho 
actual  field  of  view  of  the  sensor  is  held  constant,  range  accuracy  is 
proportional  to  x3,  and  the  percent  accuracy  is  proportional  to  A  Thus 
the  system  previously  considered  has  a  theoretical  2-inch  range  accuracy 
at  a  range  of  (2/OoOlb)1^3  (44)  -  220  feet,  and  the  original  percentage 
range  accuracy  (0.38$)  at  490  feet.  If  these  range  accuracies  are  not 
required,  as  for  obstacle  warning,  or  if  the  sensor  is  made  larger,  these 
ranges  can  bo  extended  even  further. 


However,  in  extending  the  range  of  the  terrain  sensor  certain 

problems  arise. 

1..  In  order  to  make  use  of  an  accurate  deterndsiation  of  contour,  it 
is  accessary  to  know  at  what  instant  the  vehicle  will  reach  a 
certain  point  on  the  terrain.  This  requires  very  accurate 
velocity  info rsi/it ion:  for  example,  to  use  information  about 
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the  location  of  an  obstacle  to  an  accuracy  of  2  inches  at  44 
feet,  the  average  velocity  over  the  distance  must  be  known  to 
0,38  percent.  This  accuracy  requirement  increases  as  the  range 
to  the  obstacle  increases. 

2d  If  information  is  collected  about  the  terrain  a  longer  distance 
in  front  of  the  vehicle ,  the  vehicle  travels  a  greater  distance 
after  Maneuvers  before  complete  information  is  again  available. 
Hence  greater  ranges  increase  information  drop-out  due  to 
maneuvers . 

3..  Measuring  the  terrain  contour  accurately  at  greater  ranges 
requires  equipment  of  greater  precision;  it  is  thus  more  costly 
and  perhaps  less  relaible. 

4..  Measuring  the  terrain  contour  at  greater  ranges  with  a  device 
restricted  to  an  optical  line-of -sight  increases  the  "shadow 
problem"  the  fact  that  portions  of  this  terrain  such  as 
depressions  are  concealad  by  obstacles  in  front  of  them 
•'.ssvndns  that  tho  elevation  of  the  sensor  above  tho  terrain  is 
h.ud  constant,  increasing  the  sensing  range  uahes  the  line  of 
sight  and  aar.i  parallel  to  tho  surface,  and  more  and  -core  of 
the  terrain  will  be  found  to  be  shadowed. 

5,  Aac.rtv.3ing  tho  range  of  tho  terrain  sensor  requires  that  under 
normal  conditions  the  equipment  is  operating  closer  to  the 
theoretical  limit,  and  hence  climatic  aud  similar  environmental 
effects  would  produce  greater  degradation  in  performance . 

On  the  other  hand,  if  only  general  information  such  as  average 
roughness,  is  required  about  the  terrain  ahead  of  the  vehicle  a  larger 
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actual  field  of  view  can  be  used,  and  range  accuracy  requirements 
relaxed.  For  example,  if  only  one  percent  rang*  accuracy  is  adequate, 
the  system  studied  previously  has  a  maximal  range  of  14,520  feet. 
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HUMAN  FACTORS  BNOXNEBRXNO 


Because  of  the  theoretical  nature  of  the  etudy  performed  under 
this  contract  and  because  of  the  preliminary  nature  of  the  design, 
which  includes  only  an  optical  layout  and  a  functional  block  diagram, 
human  factors  engineering  is  not  applicable  to  this  research  and 
development  work* 


APPENDIX  A 


DERIVATION  07  EQUATIONS 
FOR  ACTIVE  C-W  RANGER 


Details  of  the  active  c-v  ranging  system  described  in  the  body  of 
this  report  are  revealed  in  the  foil owing  equations* 

A— 1  Synchronous  Detection 

Suppose  the  input  to  the  synchronous  detector  is : 

I  “  D  sin  (  fi  t  -  0C  )  N  sin  (  fi  +  O  )  t, 

where  D  is  the  amplitude  of  the  signal.,  and  N  represents  a  spurious 
signal  (noise)  at  a  slightly  different  frequency*  If  this  is 
multiplied  by  the  signal  reference  sin  (  SI  t  -  /3  )  where  ^3  is 

a  controllable  phase  shift,  the  output  is: 


O,  -  -jr  [cos  fa-p)  -  cos  (zat  -oc-p) J  * 
+  f[cos(at+p)  -  cos{(za*-cr)b  -p}] 


After  lew-pass  filtering,  the  output  is: 


O  ^  £[0  cos(<x-fi)  *  NCos (at 
if 

^oiSe  ^iput 

7.  -  (J3sa£  -  te.  Pe*£  SiQnoi  \ 


then  iron)  the  first  and  last  expressions  above  it  can  be  seen  that  for 
the  special  c*ue  described  above, 

G(iX-{3)  -  -k  Z  coa(<X-(1) 

and  that  if  the  noise  is  a  randan  signal, 

Q  (<x  -  (3 )  *  ~y=  Z  coa  (<x  -  fi) 

if  Q  and  Z  are  measured  in  the  sane  bandwidth „  (The  extra  factor 
of  t/YZ  appears  because  noise  on  both  sides  of  the  carrier  frequency 
appears  in  the  output,) 

Since  a  si'yial'to-  noise  ratio  change  of  i  results  from  a  signal 
change  equal  to  noise,  the  noise  equivalent  change  in  oC  ,  AOC>  is 
given  by 


j  l  Ain(rc  B)  | 

cf  Aoc  las  a  mi>iir.ra  at.  ;  at.  this 

PA.;:-.-  /:.■?:  «>  Z'YZ/r.  ,  and  the  DC  output  level  is  aero.  This  is 

•-’•vrl.a-'t  co  t>-.:  cr.ngii • "  systo»  in  the  following  way:  let  the 
. •  c..i  n<-:v  signal  be.  sit  (12.  t)and  the  received  signal  from  a 
H  ic  L  sin  •  /lv  -  a"  )„  Tr.  can  be  seen  that 
.?  1' ,  '..vsrc  c  in  the  velocity  of  light.  The  received  signal 
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and  I?  is  increased  from  7T /2 
until  the  measured  SC  output  la  sere*  This  value  of  ^3  allows  CC 
and  therefore  K  to  be  determined.  For  an  unambiguous  indication, 

0  <  o C  <  17'  ,  because  aero  output  can  also  be  obtained  for  <X-(i  s  * 
Hence,  -  |§;  .  Also  R  •  ^  ILt,  so  *#  =  Jr*m uc>  '*ep® 

A  R  is  the  noise  equivalent  range  change. 


is  multiplied  by  sin  (  Jl  t  -  j3  ), 


Therefore, 


AR  =  • 


This  is  the  basic  equation  for  calculating  performance . 


A.  2  Maximum  Possible  Chopping  Frequency 

Since  RaJax  -  Trc/2-0. ,  where  c  is  the  velocity  of  light  and  J1  is  the  radian 
chopping  frequency,  the  maxima  frequency  (cycles/secood)ia 

# 

A~3  Energy  Returned  From  Target  Area 

Here  and  generally  throughout  these  calculations,  all  measurements  of 
power  are  ratio  in  the  spectral  region  in  which  the  multiplier  phototube  respond* 
(about  0„35  to  0.55  microns  for  an  S-ll  response).  These  limits  are 
approximate  and  in  practice  vary  from  tube  to  tube.  If  W  watts/cm2  -  ster 
are  radiated,  WA ^iO  watts  strike  the  target  within  the  field  of  view  of 
the  receiver.  Then  ^oj.4tVl/7T'  watts/steradian  are  reflected  (assuming 
that  the  target  i3  normal  to  the  line  of  sight  and  radiates  according  to 
the  cosine  lav),  and  so 

k  *  _ -AIAlAl£J£±-  . 

t  rr 


( 
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APPENDIX  B 


WE  MULTIPLIER  PHOTOTUBE 

INTRODUCTION 

The  most  sensitive  detector  that  is  available  for  use  in  measuring 
radiation  in  or  near  the  visible  region  is  the  Multiplier  phototube.  its 
high  sensitivity  and  fast  response  tine  make  it  ideal  for  the  Measurement  of 
reflected  sunlight  in  a  passive  ranging  determination.  For  an  active  ays  tea 
using  a  lamp  with  a  color  temperature  at  about  300(PKt  the  Multiplier  phototube 
is  an  ideal  detector.  This  discussion  of  the  Multiplier  phototube  for  use  in 
the  range  measuring  device  does  not  preclude  the  use  of  other  detectors  such 
as  the  silicon  photovoltaic  detector,  which  is  sensitive  out  to  about  1.0 
micron,  or  the  lead  sulfide  detector,  sensitive  out  to  about  2.5  Microns.  The 
examination  of  the  measurement  of  consistency  by  spectral  analysis  discusses 
the  use  of  the  spectral  region  from  about  0.4  to  0.8  microns.  A  multiplier 
phototube  with  S--20  spectral  response  is  especially  suitable  for  such  a 
wide  region. 

MULTIPLIER  PHOTOTUBE  SENSITIVITY 

The  ordinary  method  of  defining  sensitivity  of  a  radiation  detector  is 
the  use  of  the  spectral  noiso  equivalent  power.  The  noise  equivalent  power,  P, 
is  the  power  in  watts  required  on  the  detector  to  produce  a  signal  equivalent 
to  tho  noise  produced  at  the  output  of  the  detector.  Since  the  signal  from 
the  multiplier  phototube  is  also  a  function  of  the  wavelength  of  the  incident 
radiation,  for  cxactaass  the  value  of  P  should  be  specified  at  each  wavelength. 
Actually,  ?  is  usually  determined  at  the  peak  wavelength  response  of  the 
particv-lar  detector;  this  value  in  watts  is  assumed  to  apply  over  the 
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equivalent  spectral  bandwidth  of  the  detector.  For  example,  a  bar ividth 
between  0.35  and  0.55  micron  for  the  3-11  multiplier  phototube  is  accepted. 

Two  difficulties  arise  in  the  specification  of  the  value  of  P 
(or  P  ^  )  for  a  particular  multiplier  phototube.  One  is  that  the  noise 
level  at  the  output  of  the  multiplier  phototube  is  not  constant,  and  is  a 
function  of  the  illumination  striking  the  detector.  Also,  the  multiplier 
phototube  has  an  inherent  "dark11  noise;  this  contribution  to  the  noise 
is  negligible  at  high  levels  of  illuaination.  The  other  difficulty  is 
that  most  multiplier  phototubes  are  specified  in  terms  of  their  response 
to  energy  expressed  in  lumens.  The  energy  specified  in  lumens  refers  only 
to  that  energy  present  in  the  visible  region.  (The  visible  portion  of  the 
spectrum  is  usually  defined  specifically  in  terns  of  the  "Standard 
Observer"  response,  which  peaks  at  0.556  micron  and  extends  from  about  0.40 
to  0.70  raicrons. )  For  a  multiplier  phototube  whesa  spectral  response 
differs;  from  that  of  the  Standard  Observer  and  whose  response  to  a  certain 
number  of  lumens  is  given,  it  is  also  necessary  to  specify  the  color 
temperature  of  the  radiation  source  used  in  defining  this  response. 

Fluctuations  in  the  output  current  of  the  multiplier  phototube  occur 
because  the  output  current  is  due  to  the  independent  random  ejection  of 
electrons  fro®  the  cathode ,  These  events  result  from  the  input  signal  and 
from  the  spontaneous  emission  which  exists  even  with  no  incident  signal 
(dark  current).  If  the  total  average  incident  energy  is  E,  the  resulting 
tvs  rage  anc.de  current  is  i  +  SB,  where  i  is  the  multiplier  phototube 

tv.-/.:  current  (amperes)  and  M  is  the  multiplier  phototube  reaponsitivity 
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( 


(wap/watt ) t  The  above  expression,  divided  by  the  multiplier  phototube  gain, 
C,  is  the  cathode  current  in  coulombs  per  sec*  Dividing  by  the  charge  on 
the  electron,  e,  in  coulombs  yields  the  number  of  events  oecuring  per  second 
at  the  cathode,  which  is 

ltSK 

eO 

The  ms  variation  in  this  number  is 

[UJ*  j 1/2  ..e-Vi, 

assuring  that  these  events  are  randomly  produced  and  independent » 

If  the  fluctuations  are  measured  in  a  one-cycle  bandwidth,  the  number 
of  witts  Incident  on  the  cathode  required  to  produce  the  above  equivalent 

variation  is 


(B-l) 

„  -1/2 

flic  qr^mtity  /  2  is  the  bandwidth  in  sec  required  for  a  measurement 

over  a  period  of  one-Iialf-cycle  ~  the  minimum  measurement  necessary  to 
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determine  the  electrical  waveform.  0/3  is  the  reciprocal  of  the 

res pons itivity  or  the  number  of  watts  necessary  at  the  cathode  to  produce 

one  ampere  at  the  anode. 

The  quantity  E,  the  total  average  incident  energy,  depends  upon  what 
is  being  measured  and  the  environment.  In  an  active  system,  £  is  equal  to 
0.625  Et  +  Ejj.  Mere,  is  the  target  energy,  and  the  factor  of  0.625 

results  because  Et  is  modulated.  Ej,  is  the  power  collected  from  the  ambient 
unmodulated  energy  incident  on  the  target,  and  may  be  appreciable  in  an 
active  system  during  certain  daytime  conditions  of  illuad nation,  but  is 
negligible  at  night*  In  a  passive  system,  E  is  equal  to  E^. 

This  relationship  is  expressed  in  the  above  form  since  the  quantities 
i,  G,  and  S,  (or  S/G)  are  most  usually  given  in  specifications  for  multiplier 
phototubes. 

Multiplier  phototubes  differ  in  their  spectral  response,  and  in  their 
values  of  sensitivity  and  dark  current.  Two  types  are  considered  here  for 
the  purpose  of  calculation.  These  are  the  types  using  a  photocathode 
Material  of  cosiusa  antimony,  which  io  usually  designated  as  type  S-ll,  and 
which  covers  the  spectral  region  from  0.35  to  0.55  microns;  the  other  type 
is  the  S-20,  with  a  tri-alkali  cathode  such  as  Sb-*K~Na~Cs,  and  includes  the 
spectral  region  from  about  0.32  to  0.62  microns;  the  response  extends  at  a, 
lover  level  to  0.8  microns.  Either  type  would  be  almost  ideal  for  measuring 
cun -reflected  energy.  In  an  active  system,  with  the  effective  target  source 
at  about  3000°K,  cither  of  these  two  types  would  be  quite  suitable. 
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Values  of  i,  the  dark  current.,  my  vr.ry  frcva  0*1  to  0*0003  nici*o&v.:*.rei> 
depending  upon  the  appli cation.,  A  value  equal  to  0*001  yea  is 

y 

bore  as  being  easily  achievable  for  both  the  S-ll  and  S~2fl  types*  ibis 
value  corresponds  to  a  cathode  diameter  between  one  and  tvro  inches*  (it 
should  be  remembered  that  in  the  final  design  of  a  system,  there  is  ret 
complete  freedom  in  choosing  the  sice  of  the  cathode*  The  focal  lee.gt.fa  and 
field  stop  any  have  to  be  tailored  somewhat  to  fit  the  standard  photo  cathode 
supplied  by  the  manufacturer*  This  will  present  no  problem,  however*) 

The  multiplier  phototube  gain,  0,  la  a  function  of  the  anode-supply 
voltage,  and  may  assume  values  between  about  10 5  to  107  for  most  tubes*  A 
value  of  10®  may  be  considered  typical  for  both  the  S-ll  and  S-20  types* 

The  remaining  quantity  necessary  to  solve  for  the  equivalent  noise 
input  in  watts  in  the  sensitivity  S  in  amperes  per  watt*  Most  manufacturers 
quote  data  in  terns  of  the  quantity  S/C,  the  photocathode  sensitivity  in 
units  of  amperes  per  lumen*  Values  of  S/O  for  the  S-20  type  are  approximately 
twice  those  of  the  S-ll  type*  A  value  of  70  yu  a  per  lumen  is  considered 
typical  for  the  S-ll,  and  140  ywa  per  linen  for  the  S-20*  These  values 
are  referenced  to  a  source  with  a  color  temperature  of  2870°K* 

In  order  to  find  the  number  of  effective  watts  in  the  spectral  region 
of  either  the  S-ll  or  S-20,  corresponding  to  the  measured  number  of  lumens 
from  the  2870  K  source,  the  following  considerations  are  essential. 

At  the  peak  of  the  Standard  Observer  curve  (0*558  p-  ),  0,00147  watt 
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corresponds  to  one  linen,  This  is  the  mechanical  equivalent  of  light*. 

The  total  effective  watts  in  the  visible  region  from  a  source  at  a  color 
temperature  T  corresponding  to  one  lumen  is  .00147  watt.  The  total 
effective  watts,  from  this  source,  in  the  spectral  region  of  the  multiplier 
phototube  is  .00147  multiplied  by  the  ratio  of  the  fractional  energy  in 
the  spectral  region  of  the  phototube  divided  by  the  fractional  energy  in 
the  visible  or  Standard  Observer  region,  both  from  a  blackbody  at 
temperature  T„  This  relationship  is  expressed  as 

0» 

f  M/A[T]Kxd* 

JO 

at: 

f  Klrld* 

Jo 


whore  S  ^  and  K A  are  the  relative  responses  of  the  phototube  and 
Standard  Observer,  respectively,  normalised  to  unity  at  the  peak.  W  ^  (T) 
it  the  ordinate  of  the  Planck  blackbody  function  at  wavelength  /\  , 

i  orrospending  to  the  temperature,  TV 

7xg.:re  44  gives  the  values  of 

CO 

f  fy[T]RAdx 

V(R>T)- — 4— - 

/  W,[r] dA 

~o 


/notr 


an  Physic1’.!)  Tables,  Kinth  Revised  Edition,  Smithsonian 
on,  i.'Jbf ,  Page  34.  Table  73. 
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versus  the  blackbody  temperature,  T,  in  degrees  Kelvin,  where  represents 
tile  relative  response.  These  cuves  were  obtained  using  numerical 
integration  and  represent  the  Multiplier  phototubes  with  S-ll  and  S-20 
responses,  and  the  Standard  Observer,  Figure 45  shows  their  relative 
responses , 

From  figure  44>  when  T  is  2970°  K,  the  conversion  factor  from  lumens  to 
watts  becomes 


,00147  (,0400)  (.0249) 1 


.00236  watte /lumens 


for  the  S— 20j  and 


,00147  (,0193)  (,0249j‘i  -  .00113  watts/lumens 


for  the  S- 11. 

Using  the  above  conversion  factors  and  the  values  for  i,  0,  and  S 
given  before  for  the  S-20  and  S-ll,  the  following  table  results: 

(e  -  1,6  X  10  **■ 

Type  i  (  y.  a ) 

?'•  29  cOOl 

;;-Q  ..ooi 

Since  tSc**vait«?s  of  S/Cf  in  ai'ips  per  uatt  are  essentially  equivalent, 
tivv  above  value  of  P  is  taken  for  both  types  3-  20  and  S-ll, 


^  coulombs) 


G 

105 

106 


S/G{  ji  a/l)  S/0(a/w)  P(watts)(Eqn,B-l) 

140  .059  1  , 

|5 , 3X10“18(1 . 6X10-14+E)]  * 
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The  d  eterndnation  of  P,  the  noise  equivalent  power  in  watts*  in  the 
spectral  region  of  the  detector  can  now  be  made  as  a  function  of  E,  the 
average  incident  energy  in  this  spectral  band. 


AN  EXAMPLE 

The  following  is  an  example  of  the  usefulness  of  the  equations  and 
relationship  depicted  in  figure  44,  Consider  a  passive  system  receiving 
energy  from  the  terrain  illuminated  by  the  sun  and  scattered  sunlight 
from  tho  sky.  Figure  46^  is  a  plat  of  the  total  illumination  on  the 
horizontal  plane  of  the  earth  due  to  both  direct  sunlight  and  shy  light 
versus  solar  altitude. 

At  a  solar  altitude  of  45  degrees,  the  illumination  is  7300  foot 
candles.  This  corresponds  to  7300/30.482  -  7.86  lumens /an2,  If  ^  7 
represents  the  power  in  the  reflected  sunlight,  and  is  the  reflectivity, 
the  power  on  an  S~20  detector  using  a  collector  of  area,  Ac,  and  an  optical 
system  with  a  solid  angular  field  of  view,  O)  is 


£  -  p  Y(JJ  /ic  (0. 00/ *7)  [  7  (  S-20i ,  SXO°/()][  7l(Kx  ,  S9COmK ] 


The  last  two  terras  above  are  used  to  convert  the  reflected  power  from  units 
of  lumens  to  effective  watts  in  the  S-20  spectral  bandwidth,  These  are 

1.  Handbook  of  Geophysics, pp. 14- 13,  Revised  Edition,  The  MacMillan  Co. 

New  York,  1961„ 
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found  using  figure  44,  where  T  equals  5900°K,  The  above  relationship 
becomes 

E  «  £>  a>  AcCo.OOMTKo.llSXO.iaTr1  •*  8.4  X  10~3  poOk^,  watts 

where  the  use  of  IT  assumes  that  the  reflected  energy  is  scattered 
according  to  the  cosine  lav.  Making  the  following  further  assumptions : 

P  "  °’2 

(JO  -  1.6  X  1C~3  steradian 
Ac  »  200  cm2 

E  »  8,  4  X  10  3  1  0,2  X  1.6  X  10~5  X  200  «  5.3  X  10"6  watt 

The  quantity  P.  the  noise  equivalent  power  of  the  S-20  multiplier  phototube, 
in  (from  the  table  given  earlier) 


-6  l/2 

l5  -  [5.3  X  10* 18  (1.6  X  10"14  +  =  3.7  X  10"12  watt 


E  in  the  above  equation  must  be  divided  by  2  if  the  energy  is  chopped. 
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APPENDIX  0 


EXPERIMENTAL  DATA  OM  RAMOEPINDIWO 
BT  IHA0&4*LANE  LOCATION 

INTRODUCTION 

A  general  description  of  the  passive  range  finding  technique  adopted 
in  the  preliminary  design  was  given  in  the  sect!  os  an  Optical  Ranging 
Methods »  The  discussion  indides  a  theoretical  Asnrelopqent  of  the  sqnaUons 
which  relate  the  expected  signal- to-noiae  ratio  and  the  signal  amplitude- 
focal  position  curve  to  the  noise-equivalent  range  increment  for  systems 
of  this  type. 

To  verify  these  thooretical  calculations,  experiments  have  been 
performed  in  the  laboratory  using  currently  available  equipment.  This 
section  provides  a  description  of  the  experimental  procedure,  and  an 
analysis  of  the  data  obtained.  The  results  are  in  good  agreement  with 
theory,  giving  a  further  degree  of  confidence  that  tho  suggested  approach 
can  bs  applied  to  an  effective  terrain  sensor  for  cross-country  vehicles. 

EXPillTMENTAL  PROCEDUKS»yiRST  SERIES 

The  basic  eleiwjnts  in  the  experimental  setup  are  as  follows: 

I„  A  patterned  target  aimulatiug  the  terrain  to  be  sensed 
established  at  a  known,  fixed  range. 

2,  An  optic?.!  system  to  form  an  iaaga  of  the  target. 

3.,  A  chopper  to  modulate  the  radiant  energy  collected  by  the 
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4. 


optical  system, 

A  detector  (multiplier  phototube)  to  form  on  electrical 
signal  from  this  nodulated  radiant  energy. 

S.  Electronics  to  process  the  electrical  signals  obtained  Cron 
the  detector* 

The  experimental  procedure  consisted  of  finding  the  vardLatLane  in 
electrical  output  that  resulted  frosi  changing  the  focus  of  the  optical 
system.  These  variations  are  caused  by  the  fact  tint  the  efficiency  of 
chopping  is  a  function  of  how  well  the  target  is  imaged  on  the  chopper. 
Further  details  on  the  experimental  setup  are  given  below. 

Target 

For  simplicity,  a  high  contrast  target  consisting  of  s  3-inch-wide 
black  stripe  on  a  white  background  was  used.  It  was  placed  18.3  feet 
from  tho  objective  lens  of  the  optical  system,  and  was  illuminated  by  on 
ordinary  household  fluorescent  lamp.  Tho  lamp  was  close  to  the  target, 
but  outside  of  the  field  of  view  of  the  optical  system.  The  experiment 
v.-aa  conducted  in  a  darkroom  laboratory,  with  no  source  of  illumination 
other  than  the  fluorescent  lamp. 


Optical  System 


Tho  optical  system  consisted  of  an  objective  lens,  a  field  stop. 


and  a  relay  lens,,  The  objective  was  a  good-quality  photographic  lent  with 
2  -inch  aperture,  90  am  focal  length,  and  a  mlnlnaia  focal  ratio  of  f/1.8. 

A  circular  field  atop,  0*125  inch  in  diaaetor,  was  placed  at  the  focua  of 
the  objective.  The  relay  lens,  a  15-am-dia»etor  triplet  with  1-inch  focal 
length,  was  placed  2  inches  behind  the  field  atop  and  2  inches  ahead  of 
the  chopper,  The  target  iange  and  field  stop  were  thus  made  coincident 
on  the  chopper  disk  at  unity  magnification. 

Chopper 

The  chopper  was  a  disk  of  clear  plastic  approximately  5  inches  in 
diameter,  with  180  equally  spaced  radial  apokea  of  constant  width  (1/64 
inch).  The  portion  of  the  disk  centered  2  inches  from  the  axis  of 
rotation  was  used  for  chopping;  in  this  region,  the  clear  spaces  arc 
approximately  3.-I/2  tinea  the  width  of  the  opaque  apokoB  „  The  disk  was 
driven  at  36'J0  rp»,  to  yield  &  chopping  frequency  of  10.8  kc„ 
he  Sector 

The  detector  wis  an  RCA  Type  9 31- -A  multiplier  phototube  operated  at 
750  volts.  It  l.au  positioned  ircacdiately  behind  tho  chopper  disk  to 
receive  the  modulated  radiation.. 

The  output  of  tho  multiplier  phototube  was  connected  to  a  S  pence  r- 
Keicvedy  Laboratories  ilcdel  398-A  Variable  Electronic  Filter,  This  is  a 
tve  0 'c. ticn  filter „  and  vas  operated  as  a  bandpass  filter  with  each  high 
ancl  If..-  isss  Suction  cot  at  3.0  kept.  The  cutoff  characteristics  of  the 
filter..",  folio-/  a  db  isr  octavo  slope.  The  equivalent  square  bandpass 
•f  :v.ir;  or  lir-avion  is  about  4.5  kope. 
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The  output  of  the  filter  was  connected  to  a  Bnllantine  Laboratories , 
Inc,  Model  300  Electronic  Voltmeter,  which  was  used  to  read  the  output 
voltage  of  the  system* 

MKASORBHm  PROCEDURE 

As  the  first  step  in  the  experimental  procedure,  the  system  noise 
was  determined,  Since  the  experimental  setup  was  not  completely  shielded 
from  extraneous  illumination,  it  was  necessary  to  measure  the  system  noise 
indirectly,,  (The  only  source  of  illumination  in  the  room  was  the  lamp 
used  to  illradnate  the  target,  but  a  portion  of  its  output  was  reflected 
into  the  multiplier  phototube  by  stray  paths  which  bypassed  the  primary 
optics.)  The  chopper  was  turned  off,  aud  the  nta  noise  was  measured,  The 
entrance  aperture  of  the  objective  lens  was  then  shielded  and  the  noise 
was  sr.eaaured,  The  rms  system  noise  was  then  assisted  to  be  the  square  root 
of  'cha  difference  between  the  squares  of  these  two  measured  noises 

Following  the  noise  measuresent,  the  chopper  was  turned  on  and  the 
i,;;a  output  signal  was  recorded,  The  objective  lens  was  then  moved  along 
the  optical  axis  in  l-millimetsr  steps  aud  the  resultant  rms  signal 
volttges  wore  measured,  resulting  in  tho  cur/e  of  Figure  47,  A  sxgnal-to- 
noise  ratio  of  35  vss  obtained  at  the  position  of  best  focus « 

?w;  c!!:iracteiistics  of  the  curve  are  worth  noting*  One  is  the  large 
;xv the  position  of  bent  focus,,  and  the  other  is  the  shape  of  the 
;n  signal  as  the  image  that  is  chopped  becomes  degraded* 
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THEORETICAL  CALCULATION  OF  S/N 

Using  tbs  equations  given  ia  the  eeotien  on  the  analysi s  of  ranting 
hr  iaaf»  plane  Location  and  Appendix  »,  the  si^Ml-to-osiae  ratio  for  a 
system  of  this  type  can  be  shorn  to  be 

S/d  «  -)  • 

The  factors  involved  in  this  equation  are  as  follows s 
n  -tharei  fractional  modulation  of  the  field.  In  the  experinental 
setup,  the  total  field  is  (l/4)(  7f  )(l/8  inch)2  and  the  approximate 
area  of  a  spoke  on  the  chopper  within  the  field  is  1/64  inch  X  1/8 
inch.  Hence  the  fractional  area  nodulated  is  //27T „  The  estivated 
values  of  the  reflectivitr.  of  the  black  and  white  portions  of  the 
target  an  0.1  and  0.9,  respectively.  The  avenge  reflectivity  of 
the  portion  of  the  target  in  the  field  of  view  is  0.5,  and  so  the 
r,n.a.  fractional  Modulation  is 


m  » 


1 

2  yz~ 


1  .  Oj8 

2  7T  0»5 


0.09  . 


Ac  -  the  area  of  the  collecting  optics.  The  entrance  aperture  is 
actually  20  cb?  (5  ca  diameter);  however,  the  disaster  of  the 
15  mra  relay  lens  is  the  aperture  stop  of  the  complete  aye  tom. 

This  15  m  lens  diameter,  reflected  back  to  the  entrance  aperture, 
corresponds  to  an  aperture  diameter  of  28.6  mb,  giving  a  value  of 
A  of  5.5  ca^o 


-  tho  solid  angular  field  of  view  as  determined  by  the  1/8-inch 
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diameter  field  atop  and  9-cm  focal  lengths 


CO  m  JL  I  (iiMJLilM)2  -  1,0  X  HT3  •ttradlaa. 

4  9 

-j2jL  „  the  radiance  reflected  from  the  target,  la  wtts/ceu2 -eter,  in  the 
spectral  region  of  tho  detector.  I  la  the  illudnatloc  on  the 
target.  The  value  of  pZ/rr  was  found  to  be  10  lanens/ft?-eter  f* 


the  white  portion  of  the  target,  aa  neaeerod  by  a  oouneroial  light 
neter.  It  la  difficult  to  determine  the  exact  conversion  factor 
between  lunena  and  wntta  in  this  case,  einoe  specific  thtt  was  not 
available  on  tho  spectral  oadssion  of  the  fluorescent  lamp  used, 
the  generalised  data  available*  indicate*  that  the  total  effective 
watts  from  the  lamp  in  the  visible  region  is  approximately  equivalent 
to  the  amount  in  the  region  within  which  an  S— 4  photocathode  is 
sensitive.  Thu*  for  the  white  portions  of  the  target,  which  occupied 
about  half  the  total  field,  ^l/n  is  approximately 


10  x  1  °  i„6  X  10”5  watt/ca2-at»r0 
929 


(The  factor  .00147  used  above  is  the  conversion  factor  fro®  lwens 
to  watts  for  the  visible  region  —  as  discussed  in  Appendix  B.  The 
factor  929  is  the  conversion  factor  from  ft2  to  < *?. )  Hence  the 
average  value  over  the  field  is  given  by 


*  Table  96,  page  107,  Saithsocian  Physical  Table,  Ninth  Edition, 

Published  by  the  Sraithsoaian  Institute,  1959. 
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-  1/1(1  +  Jai)  1.6  X  LCT5  -  8.9  X  ltf-6  watts/«*a-«ter 
w  0*9 

B  -  the  electrloal  bandvidtb  (4.5  tape). 

K  -  Tbs  coefficient  that  specifies  the  sensitivity  of  tie  multiplier 

phototube  as  expressed  in  the  relationship  for  the  noise  equivalent 
power,  F  *  (KE)1^2,  where  E  is  the  power  on  the  deteotor  frost  the 
target.  This  equation  assumes  that  the  dark  noise  contribution  is 
negligible.  This  ospreasion,  as  well  as  values  of  K  for  the  8-11 
and  S-20  types  of  phot  oca  tbodes,  is  dtreloped  fully  in  Appendix  B. 

For  the  931-A  Multiplier  phototube,  at  a  supply  voltage  of  750  volte, 
the  following  manufacturer 's  quoted  values  were  used: 

Cathode  Radiant  Sensitivity  (8/0)  *  30  juL  aap/lunen. 

Current  Amplification  (0)  *  1.1  X  1QS. 

The  following  values  are  also  required: 

7(S-4  ,  ,  2870°)  -  .0170  f 

l  Derived  by  the  method  of  Appendix  B. 

,  2870°)  *  .0249 


Thus 

S/G  «  30  X  10“°/(.00147)  X  (.0170)  X  (,0249)“1  «  .030  amp/watt. 


Hew 


K  b  aOc/S  —  10.7  X  10  ^  watt. 

.030 
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t  -  the  average  transmission  of  the  chopper;  in  this  case  it  is 
about 

t  »  1  »  j-i—  ■  0.84 

The  calculated  r.m.s.  signal-to~ttoi*e  ratio  for  the  conditions  of 
the  experiment  is  therefore 

_ _ ,  5,3  X  10“3  X  8.9  X  liT*  x*/2  _ 

S/I  -  0.09( - - — - - - )  *  99 

4.5  X  103  X  10.7  X  10rl®  X  0.84 

This  is  a  factor  of  2.8  greater  than  the  measured  value  of  35. 

THE  SIGNAL  AMPLITUDE  CURVE 

Another  factor  which  dote  mines  the  accuracy  with  which  the  image 
piano  can  be  located  is  the  rate  at  which  the  detector  output  falls  off 
as  the  chopper  moves  out  of  the  plane  of  best  focus.  The  expected  shape 
of  this  curve  can  be  calculated  from  the  formula  given  previously.  The 
shape  of  the  curve,  Q(  A  )  ia  given  by 


$(&)  -  2V2  ?7}E 


T 


where 


(*o)z 

r 


and  n  ana  £  arc  constant. 


( 
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Q  Is  tbs  optical  blur, 

K  ia  the  spatial  chopping  frequency, 

£  is  ths  displacement  along  ths  axis, 

D  is  the  disinter  of  the  optical  ays  ten, 

f  is  tin  focal  length  of  the  optical  ays  teak 

For  tbs  laboratory  system,  0  o an  be  neglected,  and 
K  «*  SO  cycles  -  radian"'* 

D  «*  26.5  an 

f  *90  an. 

The  resulting  norma 11a ed  curve  ia  shown  in  Figure  48.  The  calculated 
width  at  t’oe  3  db  points  is  about  6.3  nan. 

Since  the  experimental  width  is  somewhat  wider  than  this,  additional 
experiments  were  performed  to  study  the  affect  of  various  optical  parameters 
on  the  shape  of  the  curve. 

EXPEMKEHTAL  PROCEDURE-SECOND  SERIES 

Essentially  the  sarae  experimental  equipment  was  used  as  before.  The 
following  additional  equipment  was  used. 

Target 

In  addition  to  the  high-contrast  target  of  a  3~inch~wide  black 
stripe  on  a  white  background,  a  new  target  was  used  having  a  checkerboard 
pattern.  This  consisted  of  1. 5-inclMd.de  horitontal  and  vertical  stripes 
of  black  tape  on  a  white  background  with  spacing  between  the  stripes  of 
1.5  indies.  This  resulted  in  a  pattern  of  white  squares  and  blade 
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Re  tat  its*  Signal  Response 


8 (pares  in  a  ratio  of  1  to  2.  Essentially,  this  patten  represented  a 
>wr«  detailed  target  than  the  one  used  previously. 


Chopper 

In  addition  to  a  spoke  chopper,  another  chopper  with  a  patten 
composed  of  readonly  spaced  black  dote  of  approadnatcly  1/40  inch  in 
diameter,  was  used.  The  average  spacing  between  data  was  between  one  and 
two  dot  diameters. 

Measurement  Procedure 

The  ran  output  signal  was  recorded  aa  the  objective  lens  was  moved 
along  the  optical  axis  in  onensdllineter  steps  for  various  target  and 
chopper  combinations.  Also,  other  data  was  obtained  by  chopping  the  image 
both  with  and  without  a  field  stop.  These  data  are  plotted  in  the  for* 
of  curves  normalised  to  their  peak  values. 

RESULTS  OF  SECOND  SERIES  OF  EXPERIMENTS 

Figure  49  gives  the  results  of  three  measurements.  Curve  I  shows 
the  shape  of  the  signal  using  the  new  chopper  with  random  dots  against 
the  line  target.  Curve  IX  represents  the  results  wing  the  random 
chopper  and  checkerboard-patterned  target.  Curve  HI  represents  the 
results  using  the  spoke  chopper  and  lino  target.  Measurements  for  all 
throe  curves  wore  mde  using  a  circular  field  stop,  1/8  inch  in  diameter. 

Figure  50  shows  two  curves  obtained  with  no  field  stop.  These 
experiments  were  performed  in  a  dark  room  with  e  fluorescent  lamp  as  the 
otly  source  of  illumination.  Here  no  actual  field  stop  with  sharp  edges 

vas  used.  The  edges  of  the  field  of  view  are  determined  by  the  falling-off 
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of  illwri nation  provided  by  the  fluorescent  leap  aplait  the  background. 

Tho  leap  wee  enoloeed  la  e  shield  which  tended  to  direct  the  ligjht  in 
one  direction, 

DISCUSSION  OF  mum  OF  both  series 

The  values  of  Measured  end  calculated  signal-to-ooise  ratio  are 
considered  to  coeqpare  favorably,  and  indicate  that  no  significant 
considerations  were  neglected  in  the  theoretical  performance  calculations 
on  the  passive  ranging  system.  Closer  agreeaent  would  have  been 
desirable,  but  is  unrealistic  to  expect  for  the  following  reasons: 

1,  The  actual  sensitivity  of  the  off-the-shelf  Multiplier  photo* 
tube  (Type  931-A)  used  was  not  determined.  Median  values  from 
the  manufacturer's  handbook  were  assuned.  A  different  multiplier 
phototube  of  the  seme  type  could  easily  have  had  sufficiently 
differing  characteristics  to  have  affected  the  results  by  a 
factor  of  2„ 

7.o  The  measurement  of  the  target  radiance  by  an  uncalibrated 

light  mater  yielded  a  value  that  could  be  questioned,  certainly, 
to  an  accuracy  of  50$. 

3o  The  chopper  used  had  slightly  irregular  line  spacing.  This 

chopper  was  hand-made  for  tho  experiment,  and  extreme  precision 
in  its  fabrication  was  not  warranted  by  the  accuracy  goals 
adopted,  in  the  experimental  design. 

4o  There  may  have  been  other  contributing  factors,  also,  such  os 
inaccuracies  in  the  assumed  values  of  the  reflectivities  of  the 


black  and  whits  portions  of  the  target,  and  imperfect  optical 
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alignsant. 

Z&  discussing  the  shape  of  the  signal  curve,  it  Is  ecnvea&eet  to 
denote  the  width  of  each  curve  by  the  distance  between  the  3  db  points 
(the  plaoss  where  the  curves  are  down  ,707  ircm  their  peek  values). 

These  "widths"  are  called  out  in  Figures  49  and  50* 

Curve  I  of  figure  49  shows  n  wide  peak  of  15.8  sau  This  any  bo 
compared  with  the  width  of  the  cunt  is  Figure  47,  of  8.7  am.  This  latter 
curve  was  obtained  with  the  same  line  target  and  1/8  inch  field  stop  but 
the  spoke  chopper  was  used,  la  either  case,  the  fall  off  froa  the  peak 
is  more  gradual  than  expected,  and  it  can  be  concluded  that  obopping  of 
the  field  stop,  which  always  remains  in  focus  ss  the  objective  leas  is 
moved  along  the  optical  axis,  is  contributing  to  the  total  signal. 

Curvos  II  and  III  show  much  smaller  widths  of  about  5.0  mu,  slightly 
narrower  than  the  theoretical  curve.  Apparently  the  checkerboard  target 
resulted  in  significantly  more  image  chopping  than  did  the  single  line 
target.  Thus  while  field  chopping  still  exists,  it  is  at  a  much  lower 
level  than  the  image  chopping  and  the  shape  of  the  curve  around  the  peak 
represents  a  better  picture  of  the  fall  off  of  isnge  chopping.  Note  the 
"wings n  on  cvrve  XII  which  suggest  the  lower  amplitude  wings  on  the 
theoretical  curve. 


Curves  I  and  II  of  figure  50  show  this  effect  even  better.  There  was 

r.o  definitive  field  atop  and  the  target  was  the  shade  of  a  lamp  seen 

against  a  high  contrast  circle  of  light  produced  on  a  white  background. 
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Again,  a  width  of  About  5,0^  was  obtain'd.  Against  a  checkerboard 
chopper  pattern  a  width  of  about  3.0  wm  resulted.  It  is  difficult  to 
determine  how  this  additional  sharpness  caw  about.  It  would  seen  that 
tiie  use  of  the  checkerboard  pattern  provided  a  higher  inage  chopping 
signal,  thus  effectively  lowering  acne  field  chopping  whioh  is  still 
present.  Another  reason  for  the  discrepancy  is  the  possibility  that  the 
width  of  the  curve,  if  there  is  w*g‘wrtKI*  fluid  chopping,  does  depend  to 
acme  degree  on  the  detail  in  the  iaaga. 

CONCLUSIONS 

These  experiments  indicate  close  agreement  between  the  theoretical 
signal~to --noise  ratio  and  output  amplitude  curve  and  values  obtained  in 
practice.  They  also  demonstrate  that  in  the  design  of  a  passive  ranger 
based  on  the  location  of  best  focus,  field  chopping  should  be  minimized. 
This  can  be  effected  successfully  by  various  means.  A  simple  approach 
should  be  the  use  of  a  field  stop  that  is  defined  by  shaded  edges. 

Another  effective  n»o ns  is  the  use  of  a  field  stop  and  a  spoke-type 
chopper  of  just  the  right  sisa  ao  that  tfaa  edge  of  one  line  on  the 
chopper  reticle  enters  the  field  of  view  os  another  leaves.  For  example, 
the  field  stop  could  be  a  portion  of  a  soctor  of  the  circular  chopper, 
bounded  by  tw  arcs  concentric  with  the  chopper  circle  and  of  smaller 
radius  than  the  chopper  and  by  two  radii  of  the  circle  spaced  to  enclose 
the  sansa  number  cf  black  and  white  portions  of  tbs  chopper- 

Another  important  consideration  in  the  reduction  or  elimination  of 
field  chopping  is  the  nature  of  the  optical  blur.  The  lens  used  in  the 
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sxperlswats  described  gave  a  good  quality  laage  over  a  wide  field 
angle,  such  that  the  field  atop  was  always  la  good  focus.  The  use  of  an 
optical  systaa  with  good  resolution  near  the  axis  and  poor  resolution 
near  the  edge  of  the  field  would  reduce  field  chopping  Materially,  A 
parabolic  uirror  should  be  Ideal  for  this  application. 


